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ABSTRACT
The i n t e r p r e t a t i o n  o f  t h e  e n e r g i e s  o f  ex c im er  lu m in escen c e  o f  
n a p h t h a l e n e  and tw e lve  o f  i t s  a l k y l  d e r i v a t i v e s  i s  c o n s i d e r e d ,  and 
i t  i s  shown t h a t  t h e r e  i s  c o n s i d e r a b l e  c o n f i g u r a t i o n  i n t e r a c t i o n  
between m o l e c u l a r  e x c l t o n  and ch a rg e  r e s o n a n c e  s t a t e s  and t h a t  t h e  
e n e rg y  o f  ex c im er  f l u o r e s c e n c e  may n o t  be i n t e r p r e t e d  w i t h o u t  
in v o k in g  t h i s  c o n f i g u r a t i o n  i n t e r a c t i o n .  The e n e r g i e s  o f  exc im er  
f l u o r e s c e n c e  a r e  c a l c u l a t e d  f o r  th e  s u b s t i t u t e d  n a p h t h a l e n e s  u s in g  
a f o u r - e l e c t r o n  MO t r e a t m e n t  o f  t h e  i n t e r a c t i o n  as  a f u n c t i o n  of  
Z, t h e  e f f e c t i v e  n u c l e a r  ch a rge  t o  be used in  a S l a t e r  o r b i t a l  
e x p o n e n t ,  and of  t h e  i n t e r p l a n a r  d i s t a n c e  D. Agreement w i t h  exc im er  
l u m in esc en c e  e n e r g i e s  i s  o b t a i n e d  f o r  v a l u e s  o f  Z=3.18 and v a l u e s  o f  
D between 3 .4 5  and 3.7&, w i t h  t h e  l a r g e s t  i n t e r m o l e c u l a r  d i s t a n c e  D 
b e in g  o b t a i n e d  f o r  t h o s e  compounds in  which  t h e  s t e r i c  h i n d r a n c e  i s  
e x p e c te d  t o  be l a r g e s t .
The d e la y e d  f l u o r e s c e n c e  and d e l a y e d  ex c im e r  f l u o r e s c e n c e  o f  
p y rene  in  l i q u i d  s o l u t i o n  a r e  shown to  o r i g i n a t e  in  t r i p l e t - t r i p l e t  
a n n i h i l a t i o n ,  and th e  t r i p l e t  p o p u l a t i o n  i s  shown t o  be k i n e t i c a l l y  
l i m i t e d  by f i r s t  o r d e r  decay  mechanisms.  I t  i s  shown t h a t  th e  
d e la y e d  exc im er  f l u o r e s c e n c e  of  py rene  c r y s t a l  a t  77°K a l s o  o r i g i n a t e s  
i n  t r i p l e t - t r i p l e t  a n n i h i l a t i o n ,  b u t  t h a t  th e  t r i p l e t  p o p u l a t i o n  i s  
k i n e t i c a l l y  governed  by second o r d e r  a n n i h i l a t i v e  p r o c e s s e s .  I t  
i s  a l s o  shown t h a t  a t  lower  t e m p e r a t u r e s  and h i g h e r  v i s c o s i t i e s  
t r i p l e t - t r i p l e t  a n n i h i l a t i o n  r e s u l t s  p r e d o m in a n t ly  i n  th e  i n i t i a l  
p r o d u c t i o n  of  e x c i t e d  monomers, w hereas  a t  h i g h e r  t e m p e r a t u r e s  t h e  
i n i t i a l  p r o d u c t i o n  o f  ex c im ers  a l s o  becomes an i m p o r t a n t  p r o c e s s .
The r e l a t i v e  p h o sp h o re sc e n c e  to  f l u o r e s c e n c e  quantum y i e l d s  and 
p h o sp h o re sc en c e  l i f e t i m e s  of  n a p h t h a l e n e  have been measured in  a 
number of  g l a s s y  media ,  some o f  which c o n t a i n  p e r t u r b i n g  atoms of  
l a r g e  a to m ic  number. I t  i s  shown t h a t  th e  i n t e r s y s t e m  c r o s s i n g
i x
p r o c e s s  i s  Che most  s e n s i t i v e  t o  e n v i r o n m e n t a l  s p i n - o r b i t a l  c o u p l i n g  
e f f e c t s .  The p h o s p h o r e s c e n c e  q u e n c h i n g  p r o c e s s  i s  l e s s  s e n s i t i v e  
t h a n  t h e  i n t e r s y s t e m  c r o s s i n g  p r o c e s s ,  b u t  more s e n s i t i v e  t h a n  
t h e  p h o s p h o r e s c e n c e  e m i s s i o n  p r o c e s s .  I t  i s  s t r o n g l y  s u g g e s t e d  by 
t h e  d a t a  c o n t a i n e d  h e r e i n  t h a t  h e a v y  a tom  q u e n c h i n g  o f  f l u o r e s c e n c e  
can  i n d e e d  be a t t r i b u t e d  p r i m a r i l y ,  i f  n o t  e n t i r e l y ,  t o  I n c r e a s e  i n  
t h e  p r o b a b i l i t y  o f  t h e  i n t e r s y s t e m  c r o s s i n g  p r o c e s s .  A number o f  
p o s s i b l e  u s e s  f o r  t h e  h e a v y  a tom  t e c h n i q u e  a r e  s u g g e s t e d .
A t o t a l  o f  8 s i n g l e t - s i n g l e t  t r a n s i t i o n s  a r e  o b s e r v e d  i n  t h e  
F e r r o c e n e  Vapor s p e c t r a .  T r a n s i t i o n s  a t  4 2 , 1 8 1 ,  4 6 , 9 3 3  and 5 3 ,0 7 8  cm 
a r e  r e p o r t e d  f o r  t h e  f i r s t  t i m e .  V i b r a t i o n a l  a n a l y s e s  o f  t h e  v a p o r  
s p e c t r u m  a r e  g i v e n  and a s s i g n m e n t s  o f  t h e  e l e c t r o n i c  t r a n s i t i o n s  a r e  
made.
I .  EXCIMER FLUORESCENCE
A. EXCIMER FLUORESCENCE OF NAPHTHALENE AND ITS DERIVATIVES
1. I n t r o d u c t i o n
The f lu o r e s c e n c e  spec t rum  o f  a d i l u t e  s o l u t i o n  of  n a p h th a le n e  or  
o t  any methyl  s u b s t i t u t e d  n a p h th a le n e  c o n s i s t s  s o l e l y  of  th e  normal 
s t r u c t u r e d  f l u o r e s c e n c e  band which o r i g i n a t e s  from s i n g l e t  e x c i t e d  
u n a s s o c i a t e d  monomer m o lecu le s  S^.
S .^S- .+hv-  normal  monomer f l u o r e s c e n c e1 U r
However,  a s  th e  c o n c e n t r a t i o n  i s  i n c r e a s e d  a second d i s t i n c t  band,
which i s  broad  and s t r u c t u r e l e s s ,  a p p e a r s  about  6 ,000 cm  ̂ t o  t h e  red
o f  t h e  normal monomer f l u o r e s c e n c e .  At h igh  c o n c e n t r a t i o n s  and In  the
pure  l i q u i d  t h e  f l u o r e s c e n c e  spec t rum  c o n s i s t s  a lm ost  e x c l u s i v e l y  of
1 2t h i s  L a t t e r  broad s t r u c t u r e l e s s  e m i s s io n .  ’ Th is  broad s t r u c t u r e l e s s  
band has  been a t t r i b u t e d  t o  a s i n g l e t  e x c i t e d  molecule  which i n t e r ­
a c t s  w i t h  an u n e x c i t e d  n e ig h b o r  m olecu le  t o  produce an e x c i ted  d im e r , 
or  e x c im er ,  S^Sq which can th en  b re ak  up i n t o  d e - e x c i t e d  monomer mole­
c u l e s  w i th  t h e  s im u l tan eo u s  e m is s io n  o f  a c h a r a c t e r i s t i c  excimer  
f l u o r e s c e n c e  quantum.^
exc im er  fo rm a t io n  
S +Sf.-*S S -*2S +hv„........................fo l low ed  by excimer
1 w X U w u * «f l u o r e s c e n c e
There  i s  no c o r r e s p o n d in g  change in  th e  a b s o r p t i o n  spec t rum  as  the  
c o n c e n t r a t i o n  i s  i n c r e a s e d .  The te rm  "exc im er"  has  been in t ro d u c e d  
in  o r d e r  t o  d i f f e r e n t i a t e  th e  t r a n s i e n t l y  s t a b l e  e x c i t e d  d im e r ic
s p e c i e s  from th e  e x c i t e d  s t a t e s  of o r d i n a r y  d imers  which a r e  a l s o
4s t a b l e  in  t h e i r  ground s t a t e s .
These o b s e r v a t i o n s  a r e  i l l u s t r a t e d  in  F ig .  1. As two m o lecu le s  
in  t h e  ground s t a t e  approach  each  o t h e r  o n ly  r e p u l s i o n  R r e s u l t s ;  
however,  a s  a s i n g l e t  e x c i t e d  m olecu le  ap p roaches  a m olecu le  in  th e
1
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ground s t a t e  s t a b i l i z a t i o n  r e s u l t s ,  r e f e r r e d  to  h e r e  a s  b i n d i n g  ene rgy
B, y i e l d i n g  an e x c im er .  Em iss ion  can o ccu r  from b o th  t h e  monomer and
excimer  y i e l d i n g  th e  normal s t r u c t u r e d  monomer f l u o r e s c e n c e  hv^ and
broad  s t r u c t u r e l e s s  exc lm er  f l u o r e s c e n c e  hv^,  r e s p e c t i v e l y .
K i n e t i c  c o n s i d e r a t i o n s  o f  exc im er  fo rm a t io n  have been g iv e n  by 
5
B i r k s ; i t  seems t o  have been e s t a b l i s h e d ,  a t  l e a s t  f o r  l i q u i d  sy s tem s ,
t h a t  th e  broad  s t r u c t u r e l e s s  band i s  indeed  due to  e x c im e r s .  R e c e n t ly
th e  ty p e s  o f  i n t e r m o l e c u l a r  f o r c e s  which a r e  r e s p o n s i b l e  f o r  exc im er
6 7 8fo rm a t io n  have been t h e  s u b j e c t  o f  s e v e r a l  i n v e s t i g a t i o n s .  * * I t  
has  been shown f o r  n o n - s u b s t i t u t e d  a r o m a t ic s  t h a t  n e i t h e r  s im ple  
m o le c u la r  e x c l t o n  c o n s i d e r a t i o n s  i n v o l v i n g  th e  s t r u c t u r e s
Sl W l
n o r  cha rge  r e so n a n ce  c o n s i d e r a t i o n s  i n v o l v i n g  th e  s t r u c t u r e s
s o s o ^ s o s o
a r e  s u f f i c e n t  t o  e x p l a i n  the  observed  excimer  s t a b i l i z a t i o n  e n e rg y  B.
I t  i s  n e c e s s a r y  t o  c o n s id e r  c o n f i g u r a t i o n  I n t e r a c t i o n  between th e  
m o le c u la r  e x c l t o n  s t a t e s  and th e  charge r e sonance  s t a t e s  i n  o r d e r  to  
o b t a i n  agreement  w i t h  t h e  observed  e n e r g i e s  o f  excimer  f l u o r e s c e n c e  
o f  n o n - s u b s t i t u t e d  p o ly a c e n e s .
I t  I s  th e  purpose  o f  t h i s  s e c t i o n  t o  c o r r e l a t e  th e  e x p e r im e n ta l  
d a t a  f o r  n a p h th a l e n e  and t h i r t e e n  of  i t s  a l k y l  d e r i v a t i v e s  w i t h  th e  
p r e d i c t i o n s  of s im ple  m o le c u la r  e x c l t o n  and charge  re so n an ce  form al ism s ,  
and t o  p o i n t  out  th e  i n a d e q u a c i e s  of  b o th  in  p r e d i c t i n g  th e  changes in  
excimer  e n e r g i e s  which o ccu r  on s u b s t i t u t i o n .  I t  i s  a l s o  our  purpose  
t o  p o i n t  o u t  t h e  n e c e s s i t y  of c o n s id e r i n g  c o n f i g u r a t i o n  i n t e r a c t i o n  
of  th e  z e r o t h - o r d e r  charge  re sonance  and m o le c u la r  e x c l t o n  s t a t e s ,  
and to  show t h a t  the  same t h e o r e t i c a l  t r e a t m e n t  of  exc imer  fo rm a t io n  
which h a s  been used s u c c e s s f u l l y  f o r  n o n - s u b s t i t u t e d  a r o m a t i c s  i s  a l s o  
ad eq u a te  t o  e x p l a i n  th e  changes  which o ccu r  on s u b s t i t u t i o n .
2. E x p e r im en ta l  and R e s u l t s
The s p e c t r a  o f  n a p h t h a l e n e ,  i t s  two monomethyl d e r i v a t i v e s ,  a l l  
o f  i t s  t e n  d im e th y l  d e r i v a t i e s ,  and 2 , 3 , 6 - t r i m e t h y l n a p h t h a l e n e  were 
reco rd e d  by an Aminco-Keirs  s p e c t r o p h o s p h o r im e te r .  The e x c i t a t i o n  
sou rce  was a 150-W xenon lamp and th e  d e t e c t o r  was an RCA 1P28 
p h o t o m u l t i p l i e r .  In  each  case  t h e  spec t rum  was observed  a t  room
5
t e m p e r a t u r e ,  abou t  25°C, i n  the  p u re  l i q u i d  or  i n  c o n c e n t r a t e d  solut ions,
W.1H, i n  n - h e p t a n e .
A l l  o f  th e  compounds s t u d i e d  were f i r s t  p u r i f i e d  by vacuum
d i s t i l l a t i o n ;  w i t h  f i n a l  p u r i f i c a t i o n  s t e p  be ing  p r e p a r a t a t i v e  gas
chromatography .  An Aerograph Autoprep  Model A-700 gas  chromatograph
was employed in  c o n j u n c t i o n  w i th  a 20 f t .  long  by 3 /8  i n .  d ia m e te r  20%
Aplezon column. The av e rag e  column t e m p e ra tu re  used was a p p ro x im a te ly
280°C. Only th e  top  507. o f  each  band was c o l l e c t e d .  F l u o r l m e t r i c
g rade  n -h e p ta n e  o b t a in e d  from Hartman-Leddon Company ( P h i l a d e l p h i a ,
P e n n s y lv a n ia )  was used w i th o u t  f u r t h e r  p u r i f i c a t i o n .
A sampl ing  o f  th e  s p e c t r a  o b t a in e d  a r e  g iv e n  in  F i g s .  2 and 3.
A l l  t h e  o t h e r  compounds have f l u o r e s c e n c e  s p e c t r a  s i m i l a r  to  t h e s e .
The r e s u l t i n g  exc im er  f l u o r e s c e n c e  e n e r g i e s  a r e  t a b u l a t e d  in  Table  I
2
a lo n g  w i t h  t h e  r e c e n t l y  r e p o r t e d  r e s u l t s  of  B i rk s  f o r  compar ison .  I t
i s  no ted  t h a t  a l t h o u g h  th e  a b s o l u t e  v a l u e s  a r e  in  g e n e r a l  s l i g h t l y
lower  th a n  th o s e  o b ta in e d  by B i r k s ,  t h e  r e l a t i v e  change which r e s u l t s
on s u b s t i t u t i o n  a g r e e s  w i t h i n  abou t  .02  ev .  Th is  I s  c o n s id e re d  to
be w i t h i n  t h e  e x p e r im e n ta l  e r r o r  of  d e t e r m i n a t i o n  of t h e  p o s i t i o n  of
th e  broad excimer  e m is s io n  band.  The one main e x c e p t i o n  i s  1 ,5 -
d lm e th y ln a p h th a le n e  f o r  which a s u b s t a n t i a l l y  l a r g e r  s h i f t  i s  observed
2
h e re  th an  was r e p o r t e d  by B i r k s . %
In  Tab le  I I  we have summarized th e  o t h e r  exclmer  p r o p e r t i e s
d e f i n e d  i n  F i g .  1. The en e rg y  o f  t h e  lowest  e x c i t e d  s i n g l e t  s t a t e  o f
t h e  exc im er  r e l a t i v e  t o  t h e  ene rgy  of  two u n a s s o c i a t e d  u n e x c i t e d
monomers a t  i n f i n i t e  s e p e r a t i o n  i s  (hv +R). The r e l a t i v e  change of£
excimer  ene rgy  which o ccu rs  on s u b s t i t u t i o n  i s  A(hVg+R).
The energy  of  exc imer  f l u o r e s c e n c e  and th e  excimer b i n d in g  energy  
B, a s  w e l l  a s  th e  r a t e  c o n s t a n t s  f o r  fo rm a t io n  and d i s s o c i a t i o n  of  the  
r a t e  e x c im er ,  have a l s o  been de te rm ined  f o r  n a p h th a l e n e  and fo u r  of
9
i t s  methyl  d e r i v a t i v e s  by S e l i n g e r .  Al though the  v a l u e s  g iv en  by
9
S e l i n g e r  d i f f e r  q u a n t i t a t i v e l y  from th o se  g iv en  in  Tab le  I I ,  the
c o n c l u s io n s  t o  be d e r iv e d  th ro u g h  th e  use of  Table  I I  l a t e r  in  t h i s
9
s e c t i o n  a r e  n o t  changed by the  use of  v a l u e s  g iv en  by S e l i n g e r  .
3. Simple M olec u la r  E x c l to n  and Charge Resonance Concepts
The low er ing  of  energy  AE due t o  e x c l t o n  s p l i t t i n g  i s  g iven  b y ^
AE=M2/D 3
6
F i g u r e  2. F l u o r e s c e n c e  s p e c t r a  o f  1 - m e th y ln a p h th a l e n e .
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F ig u r e  3. F lu o r e s c e n c e  s p e c t r a  o f  1 , 2 -D im e th y ln a p h th a len e .
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Naphthalene 3.129 — 3.168
I-M ethylnaphthalene 3.067 .06 3.124 .04
2-Methylnaphthalene 3.060 .07 3.099 .07
1 , 2-Dime thy ln ap h th a len e 3.030 .10 3.044 .12
1 , 3-Dimethylnaphthalene 3.052 .08 3.043 .07
1 , 4-Dimethylnaphthalene 3.016 .11 3.081 .09
1 , S-Dimethylnaphthalene 3.023 .11 3.124 .04
1 , 6-Dimethylnaphthalene 3.038 .09 3.081 .08
1 ,7 -Dime thy ln ap h th a len e 3.030 .10 —
1 , 8-Dimethylnaphthalene 3.009 .12 3.050 .12
2}3-Dimethylnaphthalene 3.053 .08 3.087 .08
2 , 6-Dimethylnaphthalene 3.045 .08 3.068 .10
2 , 7-Dimethylnaphthalene 3.038 .09 3.050 .12
2 , 3 , 5-Tr imethylnaphthalene 3.016 .11 3.093 .07
a) Aladekomo, J .B .  and B i rk s ,  J . B . ,
b) Franck-Condon maximum
Proc.  Roy. Soc. (London), A284. 551 (1965).
TABLE I I
EXCIMER PROPERTIES
1T (a) HVE< » B(c) R<d > hVfi+R -A(hvE+R)
Compound
(ev) (ev) (ev) (ev) ( e y l (ev)
Naphthalene 3.9363 3.129 .25 .56 3.69 -------
1-Methylnaphthalene 3.9028 3.067 .30 .54 3.61 .08
2-Methylnaphthalene 3.8892 3.060 .30 .53 3.59 .10
1 , 2-Dimethylnaphthalene 3.8496 3.030 .31 .51 3,54 .15
1 , 3 - Dimethylnaphthalene 3.8520 3.052 .30 .50 3.55 .14
1,4-Dimethylnaphthalene 3.8522 3.016 .27 .57 3.59 .10
1 , 5-Dimethylnaphthalene 3.8632 3.023 .30 .54 3.56 .13
1 , 6-Dimethylnaphthalene 3.8496 3.038 .27 .54 3.58 .11
1,7-Dimethylnaphthalene 3.8496 3.030 .27 .55 3.58 .11
1 , 8-Dimethylnaphthalene 3.8409 3.009 .14 .70 3.71 - . 0 2
2 , 3-Dimethylnaphthalene 3.8731 3.053 .23 .59 3.64 .05
2 , 6-Dimethylnaphthalene 3.8285 3.045 .26 .52 3.56 .13
2 ,7 -Dimethylnaphthalene 3.8582 3.038 .25 .57 3.61 .08
2 , 3 , 5 - Trim ethy lnaphthalene 3.8104 3.016 .29 .50 3.52 .17
a) 0-0 t r a n s i t i o n ;  B a i ley ,  H. S . ,  Bryant ,  K. C . , Hancock, R. A. M o r re l l ,  S. H . , and Smith, J .  C . , 
J .  I n s t .  P e t r . . 33, 503 (1945).
b) Franck-Condon maximum
c) Aladekomo, J .  B. and B i rk s ,  J .  B . , Proc.  Roy. Soc. (London), A284, 551 (1965).
d) -  hv£ - B
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where M I s  th e  t r a n s i t i o n  moment of  th e  monomer m o lecu le  and D I s  the  
mutual  s e p a r a t i o n  o f  t h e  two monomer m o lecu les  i n  th e  ex c lm er .  Due 
to  th e  sm al l  t r a n s i t i o n  moment o f  the  s t a t e  ( i . e . ,  t h e  low es t  ex­
c i t e d  s i n g l e t  s t a t e  o f  the  monomer)and th e  l a r g e  t r a n s i t i o n  moment of
th e  s t a t e  ( i . e . ,  t h e  second e x c i t e d  s i n g l e t  s t a t e  of  t h e  monomei) 
a 1one o f  th e  L e x c l t o n  components i s  ex p e c te d  t o  be of  lower ene rgy  
a 1th a n  th e  lower L, e x c l t o n  component in  a l l  th e  coumpounds s t u d i e d .
1In  Tab le  I I I  we have summarized th e  L s t a b i l i z a t i o n  e n e r g i e s  r e -a
q u i r e d  f o r  i n t e r p r e t a t i o n  o f  the  observed  exc im er  e n e r g e t i c s  on the
b a s i s  o f  an e x c l t o n  model.  The c a l c u l a t e d  mutual  s e p a r a t i o n  which
would y i e l d  t h e  deduced s t a b i l i z a t i o n  I s  D. As w i t h  th e  case  o f
*  a
n o n - s u b s t i t u t e d  a r o m a t i c s ,  th e  c a l c u l a t e d  D i s  c o n s id e re d  to o  smal l  
t o  be p h y s i c a l l y  r e a s o n a b l e . ^  However,  and p o s s i b l y  more c o n c l u s i v e  
D i s  p r e d i c t e d  t o  be s m a l l e r  f o r  s e v e r a l  o f  the  methyl  s u b s t i t u t e d  
n a p h t h a l e n e s  th an  f o r  n a p h th a le n e  i t s e l f .  Th is  i s  in  c o n t r a d i c t i o n  
to  th e  e x p e r i m e n t a l l y  observed  s t e r i c  h in d re n c e  f o r  excimer  f o r m a t lm
observed  f o r  a number of  methyl  s u b s t i t u t e d  compounds, the  methyl
12 13b en zen es ,  9 - m e th y l a n t h r a c e n e , and 9 , 1 0 -d im e th y l  1 , 2 - b e n z a n th ra -
14c en e .  In  a d d i t i o n  we have c a l c u l a t e d  th e  p r e d i c t i o n s  of s imple  mole­
c u l a r  e x c l t o n  t h e o r y  f o r  D=3.5. These p r e d i c t i o n s  ate  shown in  the  
l a s t  two columns o f  Table  I I I .  I t  i s  no ted  t h a t  th e  p r e d i c t e d  energies 
a r e  much to o  sm al l  and t h a t  t h e r e  i s  no c o r r e l a t i o n  between the  p r e ­
d i c t e d  and observed  changes .  Hence, i t  must be concluded t h a t  simple 
m o le c u la r  e x c l t o n  c o n c ep ts  cannot  acco u n t  f o r  th e  observed  s h i f t s  in  
exc im er  e n e r g i e s  which r e s u l t s  upon methyl  s u b s t i t u t i o n .
The ene rgy  of th e  charge  r e sonance  s t a t e  o f  s e l f - c o m p le x  i s  ex ­
p r e s s e d  a s  1 - A - C±A,*^ where I  and A a r e  th e  i o n i z a t i o n  p o t e n t i a l  
and th e  e l e c t r o n  a f f i n i t y ,  r e s p e c t i v e l y ,  o f  the  monomer; C i s  th e  
Coulombic i n t e r a c t i o n  between p o s i t i v e  and n e g a t i v e  i o n s ;  and A i s  the 
te rm  r e s u l t i n g  from th e  z e r o - o r d e r  i n t e r a c t i o n  of  the  two p o s s i b l e  de­
g e n e r a t e  charge  re sonance  s t a t e s .  In  a s e r i e s  o f  s u b s t i t u t e d  aromatic 
h y d r o c a rb o n s ,  i t  may be i n i t i a l l y  assumed t h a t  th e  te rm C±A does not
v a r y  a p p r e c i a b l y . ^ ^  With t h i s  a s su m p t io n ,  the ene rgy  of  th e  charge  r e ­
sonance s t a t e  of d imer p a i r  shou ld  v a r y  l i n e a r l y  w i th  I  -A .  In  Table
IV we have computed th e  I - A  v a l u e s  and In F i g . 4 the v a l u e s  of  I - A  a r e  
compared w i t h  th e  excimer  e n e r g i e s .  I t  i s  seen  t h a t  th e  p o i n t s  con­
s t i t u t e  a v i r t u a l l y  s t r a i g h t  l i n e  e x c e p t  f o r  1 , 8 - d im e t h y l n a p h t h a l e n e
TABLE I I I





















Naphthalene 4.3339 U .64 2.2 .16
1-Methylnaphthalene 4.2426 12 .63 .01 2.3 .17 - .01
2-Methylnaphthalene 4.3319 9.2 .74 - .1 0 2.0 .13 .03
1 , 2-Dimethylnaphthalene 4.2314 13 .69 - .0 5 2.3 .19 - .0 3
1 , 3-Dimethylnaphthalene 4.2525 14 .70 - .0 6 2.3 .20 - .0 4
1 ,4-Dimethylnaphthalene 4.1285 16 .54 .10 2.6 .23 - .07
I , 5-Dimethylnaphthalene 4.1533 16 .59 .05 2.6 .23 - .07
1 , 6-Dimethylnaphthalene 4.2599 14 .68 - .0 4 2.3 .20 - .0 4
I ,7 -Dimethylnaphthalene 4.1285 12 .55 .09 2.4 .17 - .01
I , 8-Dimethylnaphthalene 4.2190 15 .51 .13 2.6 .22 - .0 6
2 , 3-Dimethylnaphthalene 4.2971 9.8 .66 - .0 2 2.1 .14 .02
2 , 6-Dimethylnaphthalene 4.3517 10 .79 - .1 5 2.0 .14 .02
2,7-Dimethylnaphthalene 4.3331 9.8 .72 - .0 8 2.0 .14 .02
2 , 3 , 5-Trimethylnaphthalene 4.1285 17 .71 .07 2.5 .14 .02
a) 0-0 T ra n s i t io n ;  Bailey ,  A. S . ,  Bryant,  K. C. ,  Hancock, R. A. ,  Morre l l ,  S. H., and Smith, J .  C . ,
J* I n s t .  P e t r . . 33, 503 (1945).
b) Calcula ted from spec t ra  given in  re fe rence  a.
TABLE IV
SIMPLE CHARGE RESONANCE ENERGIES
Compound
i < . ) A I-A -A(I-A)
(ev) (ev) (ev) (ev)
Naphthalene 8.07 .65b/• 7.42
1-Me thy lnaph tha lene 7.88 .84 A 7.04 .38
2-Methylnaphthalene 7.90 . 82 7.08 .34
1 , 2-Dimethylnaphthalene 7.74 .98 /> 6.76 .66
1 , 3-Dimethylnaphthalene 7.77 .95 r* 6.82 .60
1 , 4-Dimethylnaphthalene 7.72 1.00 A 6.72 .70
1 , 5-Dimethylnaphthalene 7 .74 .98 A 6.76 .66
1 , 6-Dimethylnaphthalene 7.77 .95 A 6.82 .60
1 , 7-Dimethylnaphthalene 7.75 . 97 A 6 .78 .64
1 , 8-Dimethylnaphthalene 7.67 1.05 A 6.72 .80
2 , 3-Dimethylnaphthalene 7 .85 .87 A 6.98 .43
2 , 6-Dimethylnaphthalene 7.74 .98 A* 6.76 .66
2 , 7-Dimethylnaphthalene 7.77 *95c 6.82 .602 , 3 , 5 -Tr imethylnaphthalene 7.66 1.06 6.60 .82
a) Aladekomo, J .  B. and B irk s ,  J .  B . , Proc.  Roy. Soc. (London), A284. 551 (1965).
b) Pople ,  J .  A . ,  J .  Phys. Chem.. 61 . 6 (1957).
c) C a lcu la ted  on b a s i s  of  I+A=constant u s in g  the I  and A v a lu e s  fo r  naphthalene  to  determine the
c o n s ta n t .  For  d i s c u s s io n  and j u s t i f i c a t i o n  of t h i s  r u l e  see Hush, N.S. and Pople ,  J . A , ,
Trans .  Faraday S o c . . 51. 600 (1954) .
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I t  a p p e a r s  th e n  t h a t  th e  cha rge  re so n an c e  s t a t e s  must be s e r i o u s l y
c o n s id e re d  a s  b e in g  Invo lved  In  some way i n  t h e  g e n e r a t i o n  o f  exclmer
s t a t e s .  However,  t h e  I  - A v a l u e s  a r e  h i g h e r  th a n  th e  observed
exc lm er  e n e r g i e s  by 2 o r  3 ev .  We t h e r e f o r e  conc lude  t h a t  w h i le
t h e r e  I s  some e v id e n c e  I m p l i c a t i n g  cha rge  re so n a n c e  s t a t e s  in  the
exc lm er  f l u o r e s c e n c e  phenomenon, t h e r e  rem ains  an en e rg y  d i s p a r i t y
t h a t  cannot  be accoun ted  f o r  by s im p le  cha rge  re so n an ce  t h e o r y .
I t  has  been shown t h a t  th e  exc lm er  e n e r g i e s  p r e d i c t e d  by
m o le c u la r  e x c i t o n  t h e o r y  a r e  to o  sm al l  and t h a t  no c o r r e l a t i o n  e x i s t
between t h e  observed  and p r e d i c t e d  changes  which occur  on s u b s t i t u t i o n .
Charge re so n an ce  t h e o r y  p r e d i c t s  exclmer  e n e r g i e s  which a r e  to o  h ig h
bu t  t h e r e  i s  some e v id e n c e  of  c o r r e l a t i o n  between the p r e d i c t e d  and
observed  changes .  I t  t h e r e f o r e  seems r e a s o n a b l e  t h a t  c o n f i g u r a t i o n a l
mixing  of  m o le c u la r  e x c i t o n  s t a t e s  and charge  re so n an ce  s t a t e s  might
y i e l d  r e s u l t s  which a r e  in  agreement  w i t h  e x p e r im e n t .
4. C o n f i g u r a t i o n  I n t e r a c t i o n  Between M o lec u la r  E x c i to n  S t a t e s  and
Charge Resonance S t a t e s
The symmetry o f  n a p h th a l e n e  and th e  " r e l e v a n t "  symmetry o f  i t s
a l k y l  s u b s t i t u t e d  d e r i v a t i v e s  i s  (Fo r  d e f i n i t i o n  of  m o le c u la r
axes  and symmetr ies  of  m o le c u la r  o r b i t a l s  see  F i g .  5 ) .  An exclmer
composed o f  two i d e n t i c a l  m o le c u le s  o f  symmetry in  which  th e  two
m o le cu le s  a r e  p a r a l l e l  t o  each  o t h e r  w i t h  t h e i r  p r i n c i p l e  a x i s
c o i n c i d i n g ,  i s  i t s e l f  of  s p e c i e s .  ^ ^  The symmetr ies  o f  th e
two 1L e x c i t o n  s t a t e s  a r e  B„ and B- , r e s p e c t i v e l y ,  and th e  symme- a , 2u 3g’
t r i e s  o f  t h e  two L, e x c i t o n  s t a t e s  a r e  B_ and B_ , r e s p e c t i v e l y ,
b j u  z g
t h e  g s t a t e  b e in g  lower in  b o th  c a s e s .  These s t a t e s  a r e  d e s ig n a te d
a s  |b2 u ( E x c ) > ,  |B3g(Exc)>,  |B3u(Exc)> and |B2g(Exc)> , r e s p e c t i v e l y .
The lo w es t  ene rgy  charge  re so n an ce  s t a t e s  a r e  o f  B2u and B3g s p e c i e s ;
t h e s e  s t a t e s  a r e  d e s i g n a t e d  |B2u(CR)) and |B3g(CR)) .  I t  i s  immediately
seen t h a t  c o n f i g u r a t i o n  i n t e r a c t i o n  between |B3g(Exc))  and |B3g(CR)>
and between |B2u(Exc))  and |b 2u(CR)> i s  n o n v a n i s h in g  and can become
i m p o r t a n t .  R e c e n t ly  s e v e r a l  t h e o r e t i c a l  c a l c u l a t i o n s  have t a k e n
c o n s i d e r a t i o n  o f  such i n t e r a c t i o n s  f o r  n o n - s u b s t i t u t e d  a r o m a t i c s  of  
6 7 8symmetry. * ’ Here we adop t  th e  a t t i t u d e s  o f  one o f  t h e s e ,  
t h a t  of Azumi, Armstrong,  and McGlynn^ ( h e r e a f t e r  r e f e r r e d  t o  as  AAM), 
and e x ten d  i t  t o  t h e  c a se  of  a l k y l  s u b s t i t u t e d  n a p h t h a l e n e s .
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F ig u re  5. D e f i n i t i o n  o f  m o lecu la r  axes and symmetries  of  the  molecular  
o r b i t a l s  of  n a p h th a le n e .  The group t a b l e s  used were from 
E y r in g ,  H . , W a l t e r ,  J .  and Kimbal l ,  G . , Quantum C hem is t ry . 
John Wiley and Sons, I n c . ,  New York, 1957, p . 189.
DEFINITION OF MOLECULAR AXES
C O
Y
SYMMETRIES OF MOLECULAR ORBITALS
biu---------------- lowest vacant MO
“sg— o - o —  highest occupied MO
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The e n e r g i e s  o f  t h e  e x c i t e d  exc lm er  s t a t e s  a r e  g iv e n  by s e c u l a r  
6e q u a t i o n s  o f  th e  form
H -E as
H. b - s . b E




H = < (Exc) | 5C | <Exc)>S a
^  <(CR) \ X \  (CR) > 
Hflb= < (Exc) | 3C| (CR) ) 
Sflb= <(Exc) | (CR) >.
I t  i s  co n v e n ie n t  t o  c a l c u l a t e  t h e  ene rgy  w i t h  r e s p e c t  to  t h e  
ground s t a t e  ene rgy  o f  t h e  exc lm er .  When t h i s  i s  done,  H i s  thefld
e ne rgy  o f  t h e  z e r o - o r d e r  m o le c u la r  e x c i t o n  s t a t e ,  and i s  t h e
ene rgy  o f  th e  z e r o - o r d e r  charge  r e sonance  s t a t e .  As i n  th e  p r e c e d in g
1 2 3s e c t i o n ,  t h e s e  e n e r g i e s  a r e  ro u g h ly  e x p re s s e d  a s  L ±M /D and I-A-C±A,fil
r e s p e c t i v e l y .  The above e q u a l i t i e s  a r e  rough a p p ro x im a t io n s  from a 
t h e o r e t i c a l  v i e w p o i n t ;  however,  t h e  use o f  th e  f u l l  t h e o r e t i c a l  e x p r e s ­
s io n s  i n t r o d u c e  on ly  minor changes  i n  th e  c a l c u l a t e d  exc lm er  e n e r g i e s .  
Hence, th e  above e q u a l i t i e s  a r e  s a t i s f a c t o r y  f o r  i n t r o d u c t i o n  i n t o  
th e  s e c u l a r  e q u a t i o n .  T h is  com pu ta t ion  p ro ce d u re  i s  r e f e r r e d  t o  a s
g
"Method A" by AAM. To be more s p e c i f i c  we now s e t
H (B- ) = LL -M2/D3 a a '  3g7 a
H (B.  ) = l L +M2/D3 . aa 2u a
10The c o n t r i b u t i o n  o f  A i s  n o rm a l ly  small  
T h e r e f o r e ,  we w r i t e
and may be n e g le c t e d .
Hbb(B3B>=Hbb(B2u>=1 '  A '  C'
1 2The v a l u e s  f o r  Lfl, M , I ,  and A have been g iv en  in  T a b le s  I I I  and IV.
I f  s im ple  Huckel m o le c u la r  o r b i t a l s  a r e  used a s  b a s i s  m o le c u la r  
o r b i t a l s ,  d i f f e r e n t i a l  o v e r l a p  n e g l e c t e d  w i t h i n  any one m o le cu le ,  
and o v e r l a p  i n t ro d u c e d  o n ly  between th o se  o r b i t a l s  on a d j a c e n t  atoms
o f  d i f f e r e n t  m o le cu le s ,  we f in d  t h a t  S . i s  i d e n t i c a l  f o r  a l l  exc im ers
10 ab of  D s p e c i e s .  In a d d i t i o n ,  we assume t h a t  th e  charge  d i s t r i b u t i o n
i s  n o t  g r e a t l y  e f f e c t e d  on s u b s t i t u t i o n  and t ak e  C and Hflb t o  be th e
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same f o r  a l l  compounds. T h e r e f o r e ,  th e  v a l u e s  o f  S . , H . , and Cg AD AD
c a l c u l a t e d  f o r  n a p h th a l e n e  by AAM a r e  used t h r o u g h o u t .
The I n t e g r a l s  S ^ ,  and C a r e  f u n c t i o n s  of b o th  Df th e  i n t e r -
m o lec u la r  d i s t a n c e ,  and Z, th e  e f f e c t i v e  n u c l e a r  charge  tc  be used
as  an exponent  i n  th e  S l a t e r  o r b i t a l s  which a r e  used a s  b a s i s
f u n c t i o n s  f o r  a tom ic  o r b i t a l s .  The v a l u e  Z=3.18 has  been found to
y i e l d  th e  " b e s t  c a l c u l a t e d  v a l u e s "  f o r  i n t r a m o le c u la r  q u a n t i t i e s  and
hence Z=3.18 i s  used c o n s i s t e n t l y  i n  our  e v a l u a t i o n  of i n t r a m o l e c u l a r  
6
I n t e g r a l s .  We v a r y  Z v a l u e s  o n ly  f o r  th o se  i n t e g r a l s  which a r e  over  
two m o lecu le s  and i t  i s  t h i s  i n t e m o l e c u l a r  v a r i a t i o n  o f  Z to  which 
we r e f e r  when we speak  o f  v a r i a t i o n  in  Z v a l u e s .  The s i g n i f i c a n c e  
o f  th e  e f f e c t  o f  v a r i a t i o n  in  Z on th e  c a l c u l a t e d  excimer  e n e r g i e s  
has  been p o in t e d  o u t  by AAM.^ T h e r e f o r e ,  the  excimer  e n e r g i e s  a re  
c a l c u l a t e d  a s  a f u n c t i o n  o f  b o th  Z and D. I f  we assume t h a t  th e  
i n t e r p l a n a r  d i s t a n c e s  i n  ex c lm ers  should  be the  o r d e r  o f  th e  s e p a r a ­
t i o n s  in  u n e x c i t e d  c r y s t a l s  (3  t o  4$) o f  m o lecu les  which form exc im ers  
in  the  c r y s t a l l i n e  s t a t e  ( f o r  example pyrene  and p e r y l e n e ) ; then  
Z -3 .1 8  a p p e a r s  to  be the  most a p p r o p r i a t e  Z f o r  c a l c u l a t i o n  o f  i n t e r - 
m o le c u la r  q u a n t i t i e s .  Th is  i s  i l l u s t r a t e d  in  F ig .  6 i n  which th e  
c a l c u l a t e d  e n e r g i e s  o f  s e v e r a l  compounds a t  D=3.5 a r e  p l o t t e d  a s  a 
f u n c t i o n  o f  Z. In  a l l  c a s e s  a t  Z l e s s  th an  abou t  2 . 4  n e g a t i v e
e n e r g i e s  a r e  o b t a in e d  f o r  B_ and o n ly  when Z^3.0  do we f in d  what3g
might be c o n s id e re d  agreement w i t h  e x p e r im e n t .  These c o n c l u s io n s  a r e  
i d e n t i c a l  to  th o se  of  AAM.^ We s h a l l  t h e r e f o r e  p r e s e n t  th e  r e s t  of  
our  d a t a  f o r  on ly  Z=3.18 f o r  b o th  i n t e m o l e c u l a r  and i n t r a m o le cu la r  
q u a n t i t i e s .
5. Energy of  Excimer F lu o re s c e n c e
In  F i g s .  7 and 8 the  c a l c u l a t e d  e n e r g i e s  E f o r  each  compound i s  
p l o t t e d  a g a i n s t  i n t e r m o l e c u l a r  d i s t a n c e  D f o r  Z f ix e d  a t  3 .1 8 .  The
h ig h e r  and lower o f  the  r e s u l t a n t  o f  th e  B„ s t a t e s  a r e  d e s ig n a t e d  as
+  +  and , r e s p e c t i v e l y ,  and th o se  o f  B ^  a r e  d e s i g n a t e d  a s  B ^
and B^u , r e s p e c t i v e l y .  The lowest  e x c i t e d  s i n g l e t  s t a t e  of  th e
excimer  i s  B~ and hence i t  i s  t h e  s t a t e  from which exc im er  f l u o -
3g
r e s c e n c e  must o c c u r .  The e x p e r i m e n t a l l y  observed  exc im er  e n e r g i e s  
(hv_+R) a r e  shown by v e r t i c a l  a r ro w s .  The c a l c u l a t e d  r e s u l t s  f o r  the  
i n t e r p l a n a r  d i s t a n c e s  a t  which t h e  c a l c u l a t e d  r e s u l t s  g iv e  th e  observed
22
F igu re 6 E n e r g i e s  o f  exc im ers  c a l c u l a t e d  a t  D=3.5 as  a f u n c t i o n  of  










F igure 7 E n e rg i e s  o f  exc im ers  a t  Z=3.18 as  a f u n c t i o n  o f  i n t e r ­
p l a n a r  d i s t a n c e .  The v e r t i c a l  a rrow r e p r e s e n t s  the  
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F ig u r e  8 Energy o f  exc lm ers  a t  Z=3.18 a s  a f u n c t i o n  o f  I n t e r ­
p l a n a r  d i s t a n c e .  The v e r t i c a l  a rrow r e p r e s e n t s  t h e  
exc lmer  en e rg y .
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e x c im er  e n e r g i e s  a r e  g iv en  In  Table  V. The r e s t  o f  t h e  c a l c u l a t e d  
d a t a  i s  o m i t te d  f o r  r e a s o n s  o f  b r e v i t y .  The c o e f f i c i e n t  a i s  t h e  
w e i g h t i n g  f a c t o r  o f  a m o le c u la r  e x c i t o n  s t a t e  and th e  c o e f f i c i e n t  b 
i s  th e  w e ig h t in g  f a c t o r  o f  a cha rge  re so n an ce  s t a t e  i n  t h e  f i n a l  
c o n f i g u r a t i o n a l l y  mixed s t a t e  f u n c t i o n  d e f in e d  a s
K*'> - lv Exc)> +b lv c*»
I t  i s  seen  t h a t  th e  i n t e r p l a n a r  d i s t a n c e s  r e q u i r e d  in  o r d e r  t o  o b t a i n  
a b s o l u t e  agreement  between the  c a l c u l a t e d  r e s u l t s  and t h e  e x p e r im e n ta l  
r e s u l t s  a r e  s l i g h t l y  g r e a t e r  f o r  th e  exc im ers  o f  s u b s t i t u t e d  naph­
t h a l e n e s  th an  f o r  th e  n a p h th a le n e  exc im er .  F u r th e rm o re ,  i t  i s  n o ted  
t h a t  th e  i n t e r p l a n a r  d i s t a n c e s  a r e  l a r g e s t  in  exc im ers  o f  compounds 
i n  which t h e r e  i s  one or  more methyl  group in  t h e  a  p o s i t i o n s  o f  
n a p h t h a l e n e .
T h is  b e h a v io r  i s  to  be a n t i c i p a t e d  from the  p r e v i o u s l y  mentioned
e f f e c t s  observed  f o r  s i m i l a r  methyl  s u b s t i t u t e d  compounds ( i . e .  methyl
12 13b e n z en e s ,  9 - m e th y l a n t h r a c e n e , and 9 , 1 0 -d im ethy l  1 , 2 - b e n z a n t r a c e n e s
14) .  I n  t h e s e  c a s e s  the  i n h i b i t i o n  o f  excimer  f l u o r e s c e n c e  has  been
a t t r i b u t e d  to  s t e r i c  h in d ra n c e  by s u b s t i t u e n t s  a t  ends  o f  th e  i n t e r -
13a c t i n g  d i p o l e s  which a r e  r e s p o n s i b l e  f o r  d i m e r i z a t i o n .  Since  the  
i n t e r a c t i n g  d i p o l e  l i e s  a lo n g  th e  9 ,1 0  bond ( i . e . ,  s h o r t  a x i s )  i n  
n a p h t h a l e n e ,  s t e r i c  h in d ra n ce  f o r  excimer  fo rm a t io n  i s  ex p ec ted  t o  be 
g r e a t e r  when t h e r e  i s  a s u b s t i t u e n t  i n  th e  a  p o s i t i o n  which i s  ad jac en t  
t o  t h e  end of th e  i n t e r a c t i n g  d i p o l e  t h an  when t h e r e  i s  a s u b s t i t u e n t  
i n  th e  8 p o s i t i o n  which i s  f u r t h e r  away. In  l i g h t  o f  th e  o r d e r  of  
s t e r i c  h in d ra n ce  p r e d i c t e d  above,  i t  t h e r e f o r e  seems r e a s o n a b le  to  
e x p e c t  th e  i n t e r p l a n a r  d i s t a n c e s  to  be l a r g e s t  f o r  exc im ers  o f  a  
s u b s t i t u t e d  n a p h t h a l e n e s ,  n ex t  t o  l a r g e s t  f o r  exc im ers  o f  8 sub­
s t i t u t e d  n a p h th a l e n e s  and s m a l l e s t  f o r  n a p h t h a l e n e .
6. C onc lus ions
I t  i s  found t h a t  the  ene rgy  of excimer  f l u o r e s c e n c e  f o r  naph­
t h a l e n e  and i t s  a l k y l  d e r i v a t i v e s  may n o t  be i n t e r p r e t e d  u s in g  e i t h e r  
s im ple  m o le c u la r  e x c i t o n  or  cha rge  re so n an ce  c o n c e p t s .  There  i s  
c o n s i d e r a b l e  c o n f i g u r a t i o n  i n t e r a c t i o n  between m o le c u la r  e x c i t o n  and 
charge  r e so n an ce  s t a t e s  and th e  ene rgy  of exc im ers  f l u o r e s c e n c e  may 
n o t  be i n t e r p r e t e d  w i th o u t  invok ing  t h i s  c o n f i g u r a t i o n  i n t e r a c t i o n .
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These c o n c l u s io n s  a r e  i d e n t i c a l  t o  t h o s e  o b ta in e d  f o r  n o n - s u b s t i t u t e d  
a r o m a t ic s . ^ * ^ * ® ’ ^  In  a d d i t i o n ,  one of t h e  same c o m p u ta t io n a l  
p r o c e d u re  used by Azuml, Armstrong,  and McGlynn f o r  n o n - s u b s t i t u t e d  
a r o m a t i c s ^  i s  found to  g iv e  agreement  w i t h  t h e  e x p e r im e n ta l  exc imer  
e n e r g i e s  f o r  n a p h th a l e n e  and 13 of  i t s  a l k y l  d e r i v a t i v e s  u s in g  Z=3.18 
and D between 3 .4 5  and 3 . 7 .  The l a r g e s t  i n t e r p l a n a r  d i s t a n c e s  a r e  
p r e d i c t e d  f o r  t h e  c a s e s  f o r  which s t e r i c  h in d ra n c e  f o r  exc imer  
f l u o r e s c e n c e  would be ex p e c te d  to  be l a r g e s t .
B. DELAYED EXCIMER FLUORESCENCE OF PYRENE*
1« I n t r o d u c t i o n
Delayed f l u o r e s c e n c e  and d e lay ed  exc im er  f l u o r e s c e n c e  a r e  d e f in e d
a s  e m is s io n s  s p e c t r a l l y  i d e n t i c a l  ( b o th  w av e len g th  and i n t e n s i t y )  t o
o r d i n a r y  f l u o r e s c e n c e  and exc im er  f l u o r e s c e n c e  r e s p e c t i v e l y ,  bu t
p o s s e s s i n g  a much lo n g e r  decay h a l f - l i f e .  I t  has  been proven
e x p e r i m e n t a l l y  t h a t  d e la y e d  f l u o r e s c e n c e  o r i g i n a t e s  i n  t r i p l e t - t r i p l e t
a n n i h i l a t i o n  p r o c e s s e s .  However, t h e r e  i s  c o n f l i c t i n g  ev id e n c e  in
16
th e  c ase  o f  d e lay ed  exc im er  f l u o r e s c e n c e .  P a rk e r  and H atchard  have 
shown t h a t  th e  d e lay ed  exc im er  f l u o r e s c e n c e  of  pyrene observed  in  
e t h a n o l  s o l u t i o n  a t  room t e m p e ra tu re  o r i g i n a t e s  in  t r i p l e t - t r i p l e t  
a n n i h i l a t i o n  p r o c e s s e s .  On th e  o t h e r  hand,  Azumi and McGlynn^ 
obse rved  t h a t  t h e  d e lay ed  exc im er  f l u o r e s c e n c e  i n t e n s i t y  and th e  i n ­
t e n s i t y  o f  t h e  phosphorescence  o f  pyrene  in  p e r t u r b e d  l s o p e n ta n e  
m a t r i c e s  a t  77°K were l i n e a r l y  r e l a t e d ;  t h i s  i n d i c a t e d  an o r i g i n  o t h e r  
th a n  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  f o r  t h e  d e lay ed  excimer  f l u o r e s c e n c e  
o f  py rene  in  t h i s  l a t t e r  medium. I t  i s  th e  purpose  h e r e  t o  p r e s e n t  
f u r t h e r  e x p e r im e n ta l  d a t a ,  and to  r e s o l v e  th e  a p p a r e n t  dilemma.
2. R e s u l t s  and D i s c u s s io n
We have observed  s i m u l t a n e o u s l y  th e  f l u o r e s c e n c e ,  exc imer  
f l u o r e s c e n c e ,  d e layed  f l u o r e s c e n c e ,  d e layed  exc im er  f l u o r e s c e n c e  and 
p hosphorescence  of t h e  same o u t - g a s s e d  c o n c e n t r a t e d  s o l u t i o n  o f  pyrene 
i n  l i q u i d  p a r a f f i n  (N u jo l )  i n  t h e  t e m p e ra tu re  range  0°C t o  -35°C.
♦ P u b l i sh ed  in p a r t  in  Chem. P h y s . . 4 2 . 4308 (1965) .
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At v a r i o u s  t e m p e r a tu re s  th ro u g h o u t  t h i s  r a n g e ,  and d e s p i t e  c o n s i d e r ­
a b l e  v a r i a t i o n  i n  th e  i n t e n s i t i e s  o f  th e  d i f f e r e n t  lum in esc en c e s ,  i t  
was found t h a t  the  i n t e n s i t y  of  d e lay ed  f l u o r e s c e n c e  e m is s io n ,  a s  
w e l l  a s  t h e  I n t e n s i t y  o f  d e layed  exc imer  f l u o r e s c e n c e  e m is s io n ,  was 
p r o p o r t i o n a l  t o  t h e  square  o f  th e  i n t e n s i t y  of  e x c i t i n g  l i g h t  and 
to  th e  sq u a re  o f  th e  i n t e n s i t y  o f  p hosphorescence  e m is s io n .  A 
sampl ing  o f  th e  r e l e v e n t  d a t a  a r e  p r e s e n t e d  in  F ig .  9 and Tab le  VI. 
These d a t a  d e m o n s t r a te  c o n c l u s i v e l y  t h e  b i e x c i t o n i c  n a t u r e  o f  b o th  
de lay ed  exc lm er  f l u o r e s c e n c e  and d e lay ed  f l u o r e s c e n c e  in  f l u i d  media. 
In  a d d i t i o n ,  i t  i s  observed  t h a t  the  l i f e t i m e s  of  th e  d e lay ed  
f l u o r e s c e n c e  and d e lay ed  exc im er  f l u o r e s c e n c e  i n c r e a s e  c o n s i d e r a b l y  
w i th  d e c r e a s e  o f  t e m p e r a t u r e ,  b u t  t h a t  a t  any one t e m p e ra tu re  th ey  
a r e  e q u a l ;  i t  i s  a l s o  obse rved  t h a t  th ey  equa l  % th e  phosphorescence  
l i f e t i m e  in  th o se  c a s e s  in  which the  phosphorescence  may be o b se rv e d .
The l i f e t i m e  d a t a  a r e  g iv e n  in  Table  V I I .  These o b s e r v a t i o n s  con- 
18c l u s i v e l y  show t h a t  (1)  th e  t r i p l e t  s t a t e  p o p u l a t i o n  i s  governed
by f i r s t  o r d e r  decay  mechanisms, and (2)  th e  d e layed  f l u o r e s c e n c e
and d e layed  excimer  f l u o r e s c e n c e s  i n i t i a t e  in  t r i p l e t - t r i p l e t
a n n i h i l a t i o n  ( second  o r d e r )  p r o c e s s e s .  I t  i s  a l s o  n o ted  t h a t  th e
l i f e t i m e  and i n t e n s i t y  o f  d e layed  excimer  f l u o r e s c e n c e  a r e  sen-
19s i t i v e l y  dependen t  on th e  oxygen c o n t e n t  o f  th e  s o l u t i o n ;  i n  view
o f  th e  wel l -known oxygen quenching  of  t r i p l e t  s t a t e s ,  t h i s  m ight  be
adduced a s  f u r t h e r  ev id en ce  f o r  th e  t r i p l e t - t r i p l e t  a n n i h i l a t i v e
o r i g i n  o f  the  d e layed  exc im er  f l u o r e s c e n c e .  The l i f e t i m e s  r e p o r t e d
19In Tab le  V I I  a r e  n o t  in  d i s a g re e m e n t  w i th  a v a lu e  of 60 msec, f o r
the  d e la y ed  exc im er  f l u o r e s c e n c e  o f  pyrene  in  l i q u i d  p a r a f i n  a t  -10°C, 
19o r  a v a l u e  o f  1 .8  msec, f o r  pyrene  in  e t h a n o l  a t  room t e m p e r a t u r e ;  
t h e s e  v a l u e s  can be r a t i o n a l i z e d  w i th  th o se  of  Table  V II  by in v o k in g  
more e f f i c i e n t  quenching  of  t r i p l e t  s t a t e s  a t  lower  v i s c o s i t i e s .
He have observed  th e  excimer  f l u o r e s c e n c e  and d e layed  excimer  
f l u o r e s c e n c e  of  pyrene c r y s t a l  a t  77°K; we have n o t  been a b l e  to  
d e t e c t  f l u o r e s c e n c e ,  d e lay ed  f l u o r e s c e n c e ,  o r  phosphorescence  of  
pyrene  c r y s t a l  a t  77°K a t  th e  h i g h e s t  s e n s i t i v i t i e s  a v a i l a b l e  t o  u s .  
The I n t e n s i t y  o f  d e layed  excimer  f l u o r e s c e n c e  i s  shown to  have an 
^ 1 .1 ± 0 .1  ,]e pen(jence on t h e  i n t e n s i t y  of  e x c i t i n g  l i g h t .  Th is
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F i g u r e  9 .  The i n t e n s i t y  o f  d e lay e d  f l u o r e s c e n c e  o f  pyrene  i n  l i q u i d  
s o l u t i o n  and d e lay ed  exclmer  f l u o r e s c e n c e  o f  pyrene  in  
b o th  l i q u i d  s o l u t i o n  and in  t h e  c r y s t a l l i n e  s t a t e  a s  a 
f u n c t i o n  of  t h e  r e l a t i v e  number o f  q u an ta  a b s o rb e d .  The 
i n t e n s i t y  o f  b o th  d e la y e d  f l u o r e s c e n c e  and d e lay e d  excimer  
f l u o r e s c e n c e  i n  l i q u i d  s o l u t i o n  show a square  dependence 
on th e  r e l a t i v e  number of  q u na ta  absorbed  w h i le  the  
i n t e n s i t y  of  d e lay ed  exc im er  f l u o r e s c e n c e  o f  c r y s t a l l i n e  
pyrene shows a l i n e a r  dependence on the  r e l a t i v e  number of 
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QUANTA ABSORBED (RELATIVE UNITS)
TABLE VI
PROPORTIONALITY OF THE INTENSITY OF THE VARIOUS 
LUMINESCENCES OF PYRENE TO INCIDENT EXCITATION INTENSITY, I
Type of 
Luminescence
S o lu t ion  
in  Nujol
C ry s ta l
Fluorescence 1 none observed
Excimer Fluorescence 1 I 1
Phosphorescence _1 none observed
Delayed Fluorescence _2 none observed
Delayed Excimer Fluorescence ..2 j l . l i s O . l
TABLE VII
DECAY LIFETIMES OF 
LONG-LIVED LUMINESCENCES OF PYRENE
ueiayea
Delayed Excimer
Temperature Medium Fluorescence Fluorescence Phosphorescence
(msec.)___________(msec.) (msec)
23 Nujol so lu t io n 3±0.2 3±0.2 none observed
- 15 II 20±3 20±3 40±3
- 30 II 30 30 60
- 35 IT 50 50 100±10
-196 Crys ta l none observed 10 none observed
u>Ul
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20dependence a p p ro x im a te s  c l o s e l y  th e  l i n e a r i t y  which i s  ex p ec te d  i f  
t h e  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  i s  so e f f i c i e n t  t h a t  i t  c o n t r o l s  
k i n e t i c a l l y  t h e  t r i p l e t  s t a t e  p o p u l a t i o n .  The l i f e t i m e  of  th e  
d e lay e d  exc im er  f l u o r e s c e n c e  i s  ~10 m s e c . , which I s  a c t u a l l y  l o n g e r  
t h a n  th e  low es t  v a l u e  o bse rved  i n  s o l u t i o n  under  c o n d i t i o n s  where 
th e  t r i p l e t  p o p u l a t i o n  i s  k i n e t i c a l l y  l i m i t e d  by f i r s t  o r d e r  p r o ­
c e s s e s .  I t  i s  t h u s  n e c e s s a r y  t o  suppose t h a t  (1 )  t r i p l e t - t r i p l e t  
a n n i h i l a t i o n  e f f i c i e n c y  i n c r e a s e s  upon c r y s t a l l i z a t i o n , (2) f i r s t -  
o r d e r  t r i p l e t  d e p o p u l a t i v e  mechanisms d e c r e a s e  upon c o o l i n g  and as  
a r e s u l t  (3 )  t r i p l e t  p o p u l a t i o n s  in  th e  py rene  c r y s t a l  a t  77°K a r e  
a n n i h i l a t i o n  l i m i t e d .  The mechanism o f  d e lay ed  exc im er  f l u o r e s c e n c e  
d e s p i t e  d i f f e r e n t  i n t e n s i t y  d e p e n d en c ie s  th u s  rem ains  t h e  same in  the 
c r y s t a l  a s  in  s o l u t i o n .
The p r e v i o u s  o b s e r v a t i o n s ^  o f  Azumi and McGlynn a r e  now r e a d i ly
u n d e r s to o d  i f  i t  be assumed t h a t  t h e i r  " s o l u t i o n "  of  pyrene  in  
oi s o p e n t a n e  a t  77 K c o n ta in e d  pyrene c r y s t a l s .  The l i f e t i m e  o f  delated 
exc im er  f l u o r e s c e n c e  obse rved  by them was 10 m se c . ,  i d e n t i c a l  t o  t h a t  
o f  the  c r y s t a l  observed  h e r e .  C o n seq u e n t ly ,  t h e i r  p l o t  o f  d e lay ed  
exc im er  f l u o r e s c e n c e  i n t e n s i t y  v e r s u s  pho sp h o rescen ce  I n t e n s i t y  was 
t h a t  o f  t h e  I n t e n s i t y  o f  d e lay ed  excimer  f l u o r e s c e n c e  of  pyrene  
c r y s t a l l i t e s  (more e f f i c i e n t  t h a t  t h a t  o f  s o l u t i o n )  v e r s u s  the  
i n t e n s i t y  of  p h o sp h o rescen ce  o f  pyrene  in  s o l u t i o n  ( s i n c e  th e  
c r y s t a l  does  n o t  p h o s p h o re s c e ) .  As a consequence ,  th e  o b j e c t i o n s ^  
t o  t h e  t r i p l e t - t r i p l e t  a n n i h i l a t i v e  o r i g i n  o f  d e lay ed  exc lm er  f l u o ­
r e s c e n c e  a r e  no lo n g e r  v a l i d ,  and th e  r e s u l t s  o b t a in e d  s u p p o r t  those  
o f  t h e  p r e s e n t  work,  as  w e l l  a s  th e  p r e s e n t  c o n c l u s i o n s .
C. THE MECHANISM OF DELAYED EXCIMER FLUORESCENCE
In  th e  p r e c e d in g  s e c t i o n ,  I . B . , we have shown t h a t  b o th  d e la y e d  
exc im er  f l u o r e s c e n c e  and d e lay ed  f l u o r e s c e n c e  o r i g i n a t e s  in  t r i p l e t -  
t r i p l e t  a n n i h i l a t i o n .  In  t h i s  s e c t i o n  we d i s c u s s  th e  d i f f e r e n t  pos ­
s i b l e  mechanisms f o r  d e lay ed  f l u o r e s c e n c e  and d e layed  excimer  f l u o ­
r e s c e n c e .
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where i s  an e x c i t e d  s i n g l e t  m o lecu le ,  Sq i s  a ground s t a t e
m o le cu le ,  E i s  th e  excimer  and cp /cp_ (Eqn. 1) i s  the  I n t e n s i t y  of
EF r
exc im er  f l u o r e s c e n c e  d iv id e d  by th e  i n t e n s i t y  o f  f l u o r e s c e n c e ;
where k__ i s  th e  r a t e  c o n s t a n t  f o r  exc im er  f l u o r e s c e n c e ,  k .  i s  th e  
EF A
r a t e  c o n s t a n t  f o r  a s s o c i a t i o n  of  an e x c i t e d  s i n g l e t  m olecu le  and a
ground s t a t e  m o lecu le ,  k i s  the  r a t e  c o n s t a n t  f o r  f l u o r e s c e n c e ,  kn_
F
i s  th e  r a t e  c o n s t a n t  f o r  i n t e r n a l  quench ing  of  exc im er  f l u o r e s c e n c e ,  
kp i s  the  r a t e  c o n s t a n t  f o r  d i s s o c i a t i o n  of  t h e  exc im er  i n t o  an 
e x c i t e d  s t a t e  s i n g l e t  m olecu le  and a ground s t a t e  m o le c u le ,  and C i s  
t h e  c o n c e n t r a t i o n .
The mechanism o f  d e lay ed  f l u o r e s c e n c e  may b e ^
/ 2Sn+hv .* 0  excimer
i%!
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where T^ i s  a t r i p l e t  s t a t e  m o lecu le ,  and cppgp/cpjjj,(Equation 2) i s
th e  p r e d i c t e d  i n t e n s i t y  of d e layed  exc im er  f l u o r e s c e n c e  d i v id e d  by
22the  i n t e n s i t y  o f  d e lay ed  f l u o r e s c e n c e .  I t  might a l s o  be
2S +hvf
~  0 f l u o r e s c e n c e
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23f i i rks  has  shown t h a t  bo th  th e  mechanisms B and C p a r t i c i p a t e  in  
the  p r o d u c t io n  o f  de layed  f l u o r e s c e n c e ,  and to  an e x t e n t  which in  
room tem p e ra tu re  e t h a n o l i c  s o l u t i o n s  o f  pyrene i s  g iven  by t h e  r a t i o  
2 /1 .  T r i p l e t - t r i p l e t  a n n i h i l a t i o n s  which produce an excimer  d i r e c t l y  
(mechanism B) a r e  d i f f u s i o n  c o n t r o l l e d  and w i l l  d e c r e a se  in  im­
p o r ta n c e  w i th  i n c r e a s i n g  s o lv e n t  v i s c o s i t y .  However, t r i p l e t -  
t r i p l e t  a n n i h i l a t i o n s  which i n i t i a l l y  produce an e x c i t e d  monomer
(mechanism C) have been observed to  occur  a t  l a r g e  d i s t a n c e s  bo th
24 18 25in  c r y s t a l s  and in  r i g i d  m a t r i c e s .  * T h e re f o re ,  a t  lower
t e m p e ra tu re s  and h ig h e r  v i s c o s i t i e s  mechanism C should  i n c r e a s e  in
r e l a t i v e  importance and ^Dpp/^Dp should  approach  a l i m i t i n g  v a lu e
CpEF/cpF ( coinPa re  e q u a t io n s  1 and 3 ) .  On the  o t h e r  hand,  i f  mechanism
B dominated ,  we should expec t  ^DEp/'PDp^pp/'Pp* ^a t a  on r e l a t i v e
i n t e n s i t i e s  graphed in  F ig .  10 i n d i c a t e  t h a t  a t  lower t e m p e ra tu re s
mechanism C i s  dominant; mechanism B i s  shown to  become o p e r a t i v e
a t  h ig h e r  t em p e ra tu re s  ( lower  v i s c o s i t i e s ) ,  and to  produce the
p o s i t i v e  d e v i a t i o n  of cp ^^ /cp ^  - <pEp/<pp . T h e re fo re ,  t r i p l e t -
t r i p l e t  a n n i h i l a t i o n  produces  both  excimers  and e x c i t e d  monomers
d i r e c t l y  w i th  th e  r a t i o  of t h e s e  produced depending upon the
c o n d i t i o n s  o f  th e  exper im en t .  I n  a d d i t i o n ,  the  f a c t  t h a t  mechanism
C i s  l e s s  dependent  on the  s o lv e n t  v i s c o s i t y  than  mechanism B,
which i s  d i f f u s i o n  c o n t r o l l e d ,  may be concluded to  be a d d i t i o n a l
ev idence  in  f av o r  of  the  occurrence of  t r i p l e t - t r i p l e t  a n n i h i l a t i o n
a t  l a r g e  d i s t a n c e s .
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F i g u r e  10. Tempera ture  dependence o f  t h e  quantum y i e l d  r a t i o  o f  
de lay ed  exc im er  f l u o r e s c e n c e  t o  d e layed  monomer 
f l u o r e s c e n c e  and th e  quantum y i e l d  r a t i o  o f  non -de layed  
exc im er  f l u o r e s c e n c e  to  no n -d e lay ed  monomer f l u o r e s c e n c e .
QUANTUM YELP OF EXCIMER 
QUANTUM YIELD OF MONOMER
I I .  HEAVY-AT CM SPIN-ORBITAL COUPLING EFFECT*
1. I n t r o d u c t i o n
a) A p r i m i t i v e  model o f  s p i n - o r b i t a l  c o u p l in g .
Let  u s ,  f o r  s i m p l i c i t y ,  c o n s id e r  a o n e - e l e c t r o n  atom. In  the 
u s u a l  r e p r e s e n t a t i o n ,  t h e  e l e c t r o n ,  w h i l e  s p in n i n g  on i t s  own a x i s  
o r b i t s  th e  n u c l e u s .  Let  us now a f f e c t  a t r a n s f o r m a t i o n  t o  an 
e l e c t r o n - f i x e d  c o o r d i n a t e  sys tem  such as  i s  shown in  F i g .  11; r e l a t i v e  
t o  t h i s  e l e c t r o n - f i x e d  sys tem  i t  i s  the  n u c le u s  which i s  o r b i t i n g  the  
e l e c t r o n ,  and by v i r t u e  o f  th e  n u c l e a r  ch a rge  and a c c e l e r a t i o n ,  a 
( r e l a t i v i s t i c )  m agne t ic  f i e l d  i s  produced and e n v e lo p s  t h e  e l e c t r o n .  
The d i r e c t i o n  o f  t h i s  f i e l d  i s  p e r p e n d i c u l a r  to  the  p la n e  of  the  
o r b i t .  E l e c t r o n  s p in  motion  s t i l l  o cc u r s  and,  by v i r t u e  o f  some 
assumed asymmetry o f  charge  d i s t r i b u t i o n  on the  e l e c t r o n ,  r e s u l t s  
in  the  p r o d u c t io n  of  a m agne t ic  f i e l d  a lo n g  th e  e l e c t r o n  s p i n - a x i s .
I t  i s  th e  i n t e r a c t i o n  of  t h e s e  two m agnet ic  f i e l d s ,  the  one due to  
r e l a t i v e  n u c l e a r  m otion ,  th e  o t h e r  t o  e l e c t r o n  s p in  m ot ion ,  which i s  
d e s c r i b e d  as  ' s p i n - o r b i t a l  i n t e r a c t i o n  o r  c o u p l i n g 1. The ene rgy  o f  
t h e  sys tem  w i l l  be d e te rm in e d  by th e  r e l a t i v e  o r i e n t a t i o n s  of  s p in  
axes  and o r b i t a l  a n g u l a r  momentum axes  o f  th e  e l e c t r o n ,  and i f  
s e v e r a l  r e l a t i v e  o r i e n t a t i o n s  a r e  p o s s i b l e  o r  a l low ed  th en  a 
c o r r e s p o n d in g  number o f  s t a t e s  of d i f f e r e n t  e n e r g i e s  w i l l  r e s u l t .
I t  i s  t h i s  e f f e c t  which causes  the  m u l t i p l e t  s t a t e s  o f  atoms and 
m o lecu le s  t o  d i v i d e  i n t o  c l o s e l y  spaced s e t s  of ene rgy  l e v e l s ,  g i v in g  
r i s e  to  th e  s o - c a l l e d  " f i n e  s t r u c t u r e "  o f  a tom ic  l i n e  s p e c t r a ,  and 
which i s  a l s o  c a u s a t i v e  of the  m u l t i p l e t  s p l i t t i n g  o f  some o rg a n ic  
u n s a t u r a t e d  m o le c u le s .
* P u b l i sh e d  in  p a r t  in  Photochem. and P h o t o b l o l o . . _3, 269 
(1964) and J^. Chem. Phys . . 39, 675 (1963) .
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F i g u r e  11. I l l u s t r a t i n g  th e  t r a n s f o r m a t i o n  from a n u c l e a r  f ix e d
c o o r d i n a t e  c e n t e r  ( l e f t )  t o  an  e l e c t r o n  f i x e d  c o o r d i n a t e  
c e n t e r  ( r i g h t ) .  The i n t e r a c t i o n  of  t h e  m agne t ic  f i e l d  
produced by seeming n u c l e a r  o r b i t a l  motion ( r i g h t )  and 
t h a t  due to  e l e c t r o n  s p in  m ot ion  cau ses  s p i n - o r b i t a l  
c o u p l in g .
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A 'p u r e  s p i n 1 s t a t e  i s  one in  which  th e  s p in  a n g u l a r  momentum 
i s  t ime in d e p e n d e n t .  A t r a n s i t i o n  between two such s t a t e s  o f  d i f f e r ­
e n t  s p in  m u l t i p l i c i t y  i s  accompanied by a change of  s p in  momentum, 
which by r e a so n  o f  momentum c o n s e r v a t i o n  must a p p ea r  o r  d i s a p p e a r  
e l s e w h e re .  But e l e c t r i c  o r  m agnet ic  n - p o le  moment o p e r a t o r s  a r e  
no t  f u n c t i o n s  of  s p i n - c o o r d i n a t e s ,  c o n s e q u e n t ly  th e  e x c e s s  s p in  
momentum may n o t  a p p e a r  in  o r  d i s a p p e a r  from th e  r a d i a t i o n  f i e l d ;  
s i n c e  th e  o r i g i n a l  ' s h a r p n e s s '  of t h e  s p in  quantum numbers a r e  p r e ­
s e rved  in  t h e  r a d i a t i o n  f i e l d ,  a t r a n s f e r  of  th e  e x c e s s  s p in  a n g u l a r  
momentum to  o t h e r  t y p e s  of  a n g u l a r  momentum may n o t  be induced .
Such t r a n s i t i o n s  may t h e r e f o r e  no t  o c c u r ;  t h e y  a r e  f o r b id d e n .  The 
p e r t u r b i n g  e f f e c t s  o f  s p i n - o r b i t a l  c o u p l in g ,  however,  a r e  such t h a t  
i t  i s  no lo n g e r  p ro p e r  to  c o n s i d e r  t h e  s p in  a n g u l a r  momentum t o  be 
t ime in d e p e n d en t .  Indeed th e  s im ple  model p r e s e n t e d  above im p l ie s  
t h a t  a n g u la r  momentum i s  be ing  c o n t i n u a l l y  s h u t t l e d  back and f o r t h  
between th e  s p in  and o r b i t a l  d e g r e e s  of freedom. I t  i s  th e  t o t a l  
a n g u la r  momentum, s p i n - p k ' s - o r b i t a l , which i s  now c o n se rv e d ,  and the  
concep t  o f  a s p in  s t a t e  w i t h  ' s h a r p '  p r o p e r t i e s  i s  no t  v a l i d .  I f ,  
however ,  th e  c o u p l in g  o f  s p in  and o r b i t a l  a n g u l a r  moments i s  weak 
t h e  s p in  d e s c r i p t i o n  may be r e t a i n e d  and one may t a l k  o f  'nominal  
s p in  s t a t e s '  where i t  i s  u n d e r s to o d  t h a t  any g iv e n  s p in  s t a t e  contains 
a smal l  adm ix tu re  of s t a t e s  of  a l l  o t h e r  p o s s i b l e  m u l t i p l i c i t i e s .
The s i t u a t i o n  f o r  two s t a t e s  of two d i f f e r e n t  m u l t i p l i c i t i e s  i s  
i l l u s t r a t e d  in  F ig .  12, whence i t  becomes e v i d e n t  t h a t  th e  s p in  
a l lo w e d n e s s  o f  a t r a n s i t i o n  between nominal  s i n g l e t  and t r i p l e t  
s t a t e s  i s  a c t u a l l y  due to  th e  s p in  a l lo w ed n e s s  o f  t r a n s i t i o n s  
between two s i n g l e t  s t a t e s  and between two t r i p l e t  s t a t e s .  The 
I n t e n s i t y  o f  t h e  s i n g l e t  t r i p l e t  t r a n s i t i o n  i s  th en  s a id  t o  be 
' s t o l e n '  from a t r i p l e t  *—* t r i p l e t  t r a n s i t i o n  ( o r  t r a n s i t i o n s )  and a 
s i n g l e t  *—> s i n g l e t  t r a n s i t i o n  ( o r  t r a n s i t i o n s ) .  Th is  d e s c r i p t i o n  
i s  p r o b a b ly  r e a s o n a b ly  s a t i s f a c t o r y  f o r  m o lecu les  c o n t a i n i n g  no 
atoms h e a v i e r  th a n  n i t r o g e n .
The above model i s  u n d oub ted ly  o v e r s i m p l i f i e d ,  and y e t  a number 
o f  s t a t e m e n t s  a n d /o r  c o n c l u s io n s  a r e  w a r ra n te d  by i t :
(1)  S p i n - o r b i t a l  c o u p l in g  i s  a r e l a t i v i s t i c  phenomenon, 
and th e  p h o to c h e m is t r y  and c h e m is t r y ,  b i o p h y s i c s  and
45
F i g u r e  12. I l l u s t r a t i n g  th e  e f f e c t  of  weak s p i n - o r b i t a l  c o u p l in g  on 
t r a n s i t i o n s  between s t a t e s  o f  d i f f e r e n t  m u l t i p l i c i t i e s .  
The meaning of  th e  symbols i s  as  f o l l o w s :  F - s p i n  f o r ­
b id d e n ;  A -sp in  a l l o w e d ;  S-pure  s p in  s i n g l e t  s t a t e ;  T -pure  
s p in  t r i p l e t  s t a t e s ;  t - s m a l l  amount of  pu re  s p in  t r i p l e t  
s t a t e s  in  a nominal  s i n g l e t  s t a t e ;  s - s m a l l  amount of 
pure  s p in  s i n g l e t  s t a t e  i n  a nominal  t r i p l e t  s t a t e .













b i o l o g y  which i t  o c c a s io n s  a r e  r e l a t i v i s t i c  a l s o .
(2 )  The l a r g e r  t h e  n u c l e a r  c h a rg e ,  th e  l a r g e r  i s  the  m agne t ic  
f i e l d  produced by i t s  seeming o r b i t a l  motion  and hence 
a l s o  th e  l a r g e r  i s  th e  s p i n - o r b i t a l  c o u p l i n g .  The s p in -  
o r b i t a l  c o u p l in g  should  t h e r e f o r e  tend  t o  be l a r g e  in  
atoms towards  th e  end o f  th e  p e r i o d i c  t a b l e  and s m a l l e r  
I n  atoms tow ards  th e  b e g in n in g  o f  t h e  p e r i o d i c  t a b l e .
I t  i s  t h i s  t r e n d  i n  s p i n - o r b i t a l  c o u p l in g  which i s  
l a r g e l y  bu t  n o t  w h o l ly  r e s p o n s i b l e  f o r  th e  o c cu r re n c e  
o f  th e  e l e c t r o n  i som ers  of  he l ium :  o r th o h e l iu m  and
p a r a h e l iu m .
(3 )  The c l o s e r  t h e  e l e c t r o n  i s  t o  th e  n u c l e u s ,  t h e  l a r g e r  
must t h e  seeming a n g u l a r  momentum o f  the  n u c l e u s  be 
In o r d e r  to  c o u n t e r a c t  t h e  l a r g e r  coulombic f o r c e s .
Hence, t h e  l a r g e r  i s  th e  s p i n - o r b i t a l  c o u p l in g .  I t
i s  t o  be ex p ec ted  th en  t h a t  s p i n - o r b i t a l  c o u p l in g  w i l l  
be e s p e c i a l l y  Im p o r ta n t  in  atoms h av ing  f i l l e d  or  
n e a r l y  f i l l e d  o u t e r  s h e l l s  ( r a r e  g a s e s  and h a lo g e n s ,  
r e s p e c t i v e l y )  p ro v id e d  t h a t  th ey  a r e  r e a s o n a b l y  heavy 
( i . e .  have r e a s o n a b l y  l a r g e  a tom ic  number Z ) .
(4)  E l e c t r o n s  which  have p e n e t r a t i n g  o r b i t s ,  and which 
t h e r e f o r e  ' s e e *  more n u c l e a r  charge  w i l l  be more 
s t r o n g l y  s p i n - o r b i t a l l y  co u p led .
(3)  A t t e n t i o n  i s  now d i r e c t e d  t o  m o le c u le s .  O b s e rv a t io n  
o f  a s i n g l e t - t r i p l e t  a b s o r p t i o n  r e q u i r e s  some s p in -  
o r b i t a l  c o u p l i n g .  S i g n i f i c a n t  s i n g l e t - t r i p l e t  a b s o r p t i o n  
i n t e n s i t y  w i l l  t h en  be f a c i l i t a t e d  by c h e m ic a l ly  
a f f i x i n g  a heavy atom ( i . e .  atom o f  l a r g e  Z) to  t h a t  
r e g i o n  o f  t h e  molecu le  w i t h i n  which th e  t r a n s i t i o n  i s  
l o c a l i z e d .  T r a n s i t o r y  p e r t u r b a t i o n  p ro v id ed  by c o l l i s i a t  
w i t h  a n o t h e r  m o lecu le  which c o n t a i n s  a heavy atom, such 
a s  a s o l v e n t  m o le cu le ,  might  be s u f f i c i e n t  t o  enhance 
s i n g l e t  t r i p l e t  a b s o r b t i v i t y ,  a s  might  any o t h e r  
p e r t u r b a t i o n  which in d u ces  even a s l i g h t  amount of 
c h a r g e - t r a n s f e r  f rom any o f  th e  o p t i c a l l y  combining 
s t a t e s  o f  t h e  heavy atom s o l v e n t  o r  m a t r i x .
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In  o u r  d e s c r i p t i o n  i t  i s  seen  t h a t  th e  s p i n - o r b i t a l  i n t e r a c t i o n
i s  due to  t h e  s p in  m ag n e t ic  d i p o l e  I n t e r a c t i n g  w i t h  t h e  r e l a t i v i s t i c
o r b i t a l  m agnet ic  d i p o l e .  S ince  d i p o l e - d l p o l e  I n t e r a c t i o n s  d e c r e a s e
3
w i th  d i s t a n c e  r  a s  1 / r  , so a l s o  w i l l  s p i n - o r b i t a l  c o u p l in g  i n t e r -
26a c t i o n  e n e rg y ,  c ,  i s  g iv e n  by
e = (Ze2/2m2c 2) ( l / r 3)*L»"?
where Z i s  th e  n u c l e a r  c h a r g e ,  m and e a r e  th e  e l e c t r o n i c  mass and 
charge  r e s p e c t i v e l y ,  c i s  th e  v e l o c i t y  o f  l ight  and~£ and i f  a r e  t h e
o r b i t a l  and s p i n  a n g u l a r  momenta, r e s p e c t i v e l y .  The av e rag e  v a lu e
3 26of  1 / r  f o r  a h y d ro g e n ic  atom i s  found t o  be
r ‘ 3=Z3/ a 0n 3(je+l)(jt+*)je
where a^ i s  t h e  Bohr r a d i u s  and n and &  a r e  th e  p r i n c i p a l  and 
o r b i t a l  a n g u l a r  momentum quantum numbers.  T h e r e f o r e ,  we f in d
e = [ z 4 / n 3 (£+l)(je+*)£] (e 2 /m2c2a03) T**S*
which we r e w r i t e  a s
•  *
where § ^ i s  th e  s p in  o r b i t a l  c o u p l in g  c o n s t a n t  o f  an e l e c t r o n  w i th  
p r i n c i p a l  quantum number n and a n g u l a r  momentum quantum number i .
The im p o r ta n t  p o i n t s  to  n o te  a r e :
(1)  The Z dependence (heavy-a tom  e f f e c t ) .
3
(2)  I n v e r s e  dependence on n and on a c u b ic  in  &  ( s c r e e n i n g  
and p e n e t r a t i o n  e f f e c t ) .
b) Heavy-atom e f f e c t s  in  m o lecu les
I f  a heavy-a tom  i s  c h e m ic a l ly  a f f i x e d  to  a m o le c u la r  s k e l e t o n
t h e r e  i s  r e a s o n  to  e x p e c t  i n c r e a s e d  s p i n - o r b i t a l  c o u p l i n g .  T h is
i n c r e a s e  should  m a n i f e s t  i t s e l f  by augmenting th e  p r o b a b i l i t y  of
T̂ *— t r a n s i t i o n s  a s  w e l l  a s  a l l  o t h e r  T*—'S p r o c e s s e s ,  i n c l u d i n g
i n t e r s y s t e m  c r o s s i n g .  The l i m i t i n g  p a ra m e te r s  f o r  th e  e x t e n t  of
s p i n - o r b i t a l  c o u p l in g  which o c c u r s  a r e  (a )  5 t îe heavy atom, and
(b)  t h e  e x t e n t  o f  p e n e t r a t i o n  o f  the  e l e c t r o n s  of t h e  m o le c u la r
s k e l t o n  i n t o  th e  f i e l d  g r a d i e n t  o f  th e  heavy atom. A l l  of  t h e s e
27a s s o c i a t e d  e f f e c t s  a r e  c a l l e d  " I n t e r n a l  Heavy-Atom E f f e c t s "
49
I t  has  r e c e n t l y  been shown t h a t  an environmental m o lecu le  which
c o n t a i n s  a heavy-a tom such  a s  e t h y l  b romide ,  p ro p y l  I o d i d e ,  e t c .
w i l l  cause  s p l n - o r b l t a l  c o u p l in g  In  a n o t h e r  m olecu le  ( e . g .  benzene ,
27n a p h t h a l e n e ,  e t c .  ) .  T h i s  en v i ro n m e n ta l  phenomenon I s  r e f e r r e d  to
27as  an " E x t e r n a l  Heavy-Atom E f f e c t , "  In  c o n t r a s t  t o  th e  " I n t e r n a l  
Heavy-Atom E f f e c t "  observed  when th e  heavy-a tom  I s  c h e m ic a l ly  
a f f i x e d  t o  th e  m o le c u la r  s k e l e t o n  whose i n t e r c o m b i n a t i o n a l  t r a n s i t i o n s  
I t  p e r t u r b s .  The e x t e r n a l  heavy-a tom  s p i n - o r b i t a l  c o u p l i n g  e f f e c t  
depends on th e  same f a c t o r s  a s  th e  i n t e r n a l  heavy-a tom e f f e c t  a l ­
though f a c t o r  b i s  now i n t e r m o l e c u l a r .  The e x t e r n a l  heavy-a tom  e f f e c t
i s  o f  a magni tude comparable  t o  t h a t  of  t h e  i n t e r n a l  e f f e c t ,  and b o th
26e f f e c t s  o p e r a t i n g  s im u l t a n e o u s l y  a r e  l i n e a r  i n  t h e  p e r t u r b a t i o n s .
26I t  has  a l s o  been shown t h a t  t h e  i n t e r a c t i o n  p r e r e q u i s i t e  t o  s p in
mix ing  i s  p r o b a b ly  d o n o r - a c c e p to r  i n  c h a r a c t e r .
The m a n i f e s t a t i o n s  o f  t h e  e x t e r n a l  s p i n - o r b i t a l  c o u p l in g  e f f e c t
th u s  f a r  i n v e s t i g a t e d  have been  the  enhancement  o f  s i n g l e t - * t r i p l e t
28 29 30( T ^ S - )  a b s o r p t i o n  p r o b a b i l i t y ,  * ’ and th e  l i f e t i m e  of  phos-
31p h o r e s c e n t  decay .  The p r e s e n t  work w i l l  concern  i t s e l f  w i th  the  
e f f e c t  o f  e n v i ro n m e n ta l  m o le c u le s  which c o n t a i n  heavy-a toms  on th e  
r e l a t i v e  p hosphorescence  (cpp) and f l u o r e s c e n c e  ((pj) y i e l d s  and 
phosphorescence  decay  ( t  ) o f  the  s o l u t e  n a p h t h a l e n e .  I t  i s  
th o u g h t  t h a t  th e  d a t a  o b t a in e d  a r e  of  some im por tance  t o  s t u d i e s  of 
f l u o r e s c e n c e  quenching  and i n t e r s y s t e m  c r o s s i n g ,  t h a t  t h e  magnitude 
o f  th e  v a r i a t i o n s  d i s p l a y e d  by th e  r a t i o  cpp /(p£ an^ Tp w i l l  lead  
i t s e l f  t o  u t i l i z a t i o n  in  a n a l y s i s  and,  w i t h  o p t i m i z a t i o n  o f  the  
e f f e c t s  r e co rd e d  h e r e ,  t h a t  th e  chances  o f  s t i m u l a t e d  e m iss io n  
from the  t r i p l e t  s t a t e  o f  an o r g a n i c  m o lecu le  may be i n c r e a s e d  
somewhat.
I t  must be no ted  t h a t  e x t e r n a l  heavy-a tom  e f f e c t s  on cp / cp,
32 ?have been observed  by Robinson £ t  a_l, t h e  m a t r i x  b e in g  xenon,  and
33by Graham-Bryce and C o r k h i l l ,  who used a g l a s s  c o n t a i n i n g  e t h y l
io d id e  a s  t h e  p e r t u r b i n g  medium. The p r e s e n t  e x p e r im e n t s  d i f f e r
32 33from th o se  of t h e  a u t h o r s  ment ioned  * i n  t h a t  t h e y  a r e  quan­
t i t a t i v e ,  bu t  th e y  a r e  o th e r w i s e  v e r y  s i m i l a r  to  t h o se  o f  Graham-
33Bryce and C o r k h i l l .
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2.  E x p e r im e n ta l
A l l  quantum y i e l d  and l i f e t i m e  measurements  were performed on
an  Aminco-Keirs  S p e c t ro p h o sp h o r lm e te r  (SPM). The e x c i t a t i o n  sou rce
was a Xenon XB0-150 W Lamp (Osram) and th e  d e t e c t o r  was a RCA 1P21
p h o t o m u l t i p l i e r  tube  connec ted  t o  an E l e c t r o - I n s t r u m e n t s  X-Y
r e c o r d e r .  The w av e le n g th  e r r o r  was a p p r o x im a te ly  2mp,. A l l  the
l i f e t i m e s  r e p o r t e d  a r e  " f i r s t  o b s e rv a b le  l i f e t i m e s " ,  a te rm  d e f in e d  
31e l s e w h e r e .  The most p r o b a b le  e r r o r  i n  any group o f  h a l f - l i f e  
measurements  was 0 .11  s e c s ,  w h i l e  t h e  av e rag e  e r r o r  was 0 .009  s e c s .
The b e t t e r - r e s o l v e d  phosphorescence  s p e c t r a  were o b ta in e d  
u s in g  a B ecquere l  phosphoroscope  and a S t e i n h e i l  s p e c t r o g r a p h ;  
th e  d i s p e r s i o n  o f  t h i s  i n s t r u m e n t  was 80 X/mm a t  5800& and 2oX/ mm 
a t  4250&. A Beckmann DK s p e c t r o p h o t o m e t e r  was used to  m o n i to r  a l l  
s o l v e n t  and s o l u t e  p u r i f i c a t i o n s .  In  th e  p r e s e n t  work, th e  heavy-  
atom s o l v e n t  co m p o s i t io n  was 3 .2  EtOH: .8  MeOH: _1 p ro p y l  h a l i d e  by 
volume.  A b s o rp t io n  s p e c t r a  o f  t h e s e  s o l v e n t s  were run a t  22°C, and 
a r e  compared in  F i g .  13;only th e  i o d id e  s o l v e n t  a b s o rb s  a p p r e c i a b l y  
a t  330mp,, th e  w av e len g th  of maximum f l u o r e s c e n c e  i n t e n s i t y  of 
n a p h t h a l e n e .  I t  i s  i n d i c a t e d  th e n  t h a t  th e  f l u o r e s c e n c e  w i l l  be 
s e l e c t i v e l y  absorbed  (compared t o  p h o sp h o rescen ce )  by th e  medium in  
t h e  s p e c i f i c  case  of  p r o p y l  i o d i d e  and t h a t  an i n c r e a s e  of  th e  r a t i o  
cpp/cpf w i l l  r e s u l t  f o r  t h i s  r e a so n  a l o n e .  C o r r e c t i o n  f o r  t h i s  
s p u r i o u s  i n c r e a s e  i s  n o t  r e a d i l y  e f f e c t e d ;  however ,  i t  i s  s im p le  t o  
o v e r - c o r r e c t :  one m ere ly  presumes t h a t  t h e  volume of  t h e  medium
has  c o n t r a c t e d  a t  77°K t o  %  o f  i t s  volume a t  295°K, t h e  e x t i n c t i o n  
rem a in in g  the  same as  i n  F i g .  13, and t h a t  a l l  of th e  lum inesced  
l i g h t  must t r a v e r s e  t h e  t o t a l  i n t e r n a l  w id th  o f  th e  sample tube  
(2mm), and t h e r e f o r e  made to  e x p e r i e n c e  a b s o r p t i o n  a lo n g  a 2mm 
p a t h .  I t  i s  known from low te m p e r a tu re  a b s o r p t i o n  measurements  
t h a t  th e  f i r s t  s t a t e m e n t  above i s  an e x a g g e r a t i o n ,  w h i l e  t h e  f a c t  
t h a t  e m is s io n  and e x c i t a t i o n  beams a r e  a t  90° t o  each  o t h e r  r e n d e r s  
t h e  assumed p a t h  of  2mm much to o  l a r g e .  O v e r - c o r r e c t i o n  of  a r a t i o  
cp /cp^ f o r  s e l e c t i v e  a b s o r p t i o n  o f  f l u o r e s c e n c e  i s  th e n  r e a d i l y  
c a r r i e d  o u t  and such g r o s s l y  reduced  t p ^ / t p ^  v a l u e s  a r e  h e n c e f o r t h  used*
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F ig u r e  13. A b s o rp t io n  S p e c t r a  of  H a l id e  S o lv e n t s  a t  Room
T e m p e ra tu re ;  4 - ( 4 - E t h a n o l : 1-Methanol)  : 1 -P ropy l  
H a l id e ,  by volume.
1. P ropy l  c h l o r i d e  a l c o h o l i c  s o lv e n t
2. P ropy l  bromide a l c o h o l i c  s o lv e n t
3. P ropyl  i o d i d e  a l c o h o l i c  s o lv e n t













I t  i s  f o r  t h e  same re a so n  ( i . e . , s i m p l i c i t y  i n  making o v e r - c o r r e c t i o n s
t h a t  and cp̂  v a l u e s  a r e  c a l c u l a t e d  from p h o sp h o re sce n ce  and 
f l u o r e s c e n c e  i n t e n s i t i e s  a t  t h e i r  moat i n t e n s e  peaks  (465 and 330m^, 
r e s p e c t i v e l y ) .  No c o r r e c t i o n  i s  n e c e s s a r y  f o r  th e  w a v e le n g th  
dependence o f  d e t e c t o r  s e n s i t i v i t y  and i n s t r u m e n t ,  s i n c e  b o th  cp̂  
and (p  ̂ were d e te rm in e d  by compar ison  o f  t h e  i n t e n s i t y  o f  phospho­
r e s c e n c e  and f l u o r e s c e n c e  i n  each  case  t o  th e  i n t e n s i t y  o f  phos ­
p h o re sc e n c e  and f l u o r e s c e n c e  r e s p e c t i v e l y  o f  n a p h th a l e n e  in  EPA.
The a b s o l u t e  v a l u e s  a r e  t h e n  c a l c u l a t e d  by compar ing t h e s e  r e l a t i v e  
v a l u e s  t o  t h e  a b s o l u t e  quantum y i e l d  v a l u e s  f o r  n a p h t h a l e n e  of  
Gilmore  e t  a l . ^ * ^
In  t h i s  work e x c i t a t i o n  was c a r r i e d  ou t  a t  300m|j.. I n s p e c t i o n  
o f  F i g .  13 im m ed ia te ly  makes Im p o r ta n t  t h e  c o m p e t i t i o n  between 
s o l v e n t  and s o l u t e  f o r  e x c i t a t i o n  l i g h t ;  because  o f  t h i s  t h e  
f l u o r e s c e n c e  y i e l d s  ( o r  p h o sp h o rescen ce  y i e l d s )  o b t a i n e d  in  d i f f e r e n t  
media may n o t  be r i g i d l y  compared,  even though o t h e r w i s e  t h e y  a r e  
s t r i c t l y  p r o p o r t i o n a l  t o  a b s o l u t e  quantum y i e l d  v a l u e s .  I t  i s  f o r  
t h i s  r e a s o n  t h a t  some r e l u c t a n c e  i s  e v i d e n t  i n  q u o t i n g  a b s o l u t e
y i e l d s  in  d i f f e r e n t  media of  e i t h e r  p h o sp h o rescen ce  o r  f l u o r e s c e n c e
v a l u e s  a l o n e .
27A l l  s o l v e n t s  were p u r i f i e d  a s  p r e v i o u s l y  d e s c r i b e d .  The 
n a p h t h a l e n e  was an Eastman-Kodak p ro d u c t  which had been e x t e n s i v e l y  
z o n e - r e f i n e d  and r e c r y s t a l l i z e d .
3. R e s u l t s  and D i s c u s s io n
A sam pl ing  o f  th e  r e s u l t s  o b t a in e d  w i th  n a p h t h a l e n e  in  v a r i o u s  
media i s  p r e s e n t e d  in  Tab le  V III*  Data on t h e  i n t e r n a l  heavy-a tom  
e f f e c t  i s  p r e s e n t e d  f o r  com par ison .  A g r a p h i c  i l l u s t r a t i o n  o f  the
e f f e c t  i s  g iv e n  i n  F i g .  14.
I t  i s  p o s s i b l e  to  be more e x p l i c i t .  I f  we adm it  to  a k i n e t i c  
scheme which  in c l u d e s  th e  f i r s t  o r d e r  r a t e  c o n s t a n t s  a s  shown in  
F i g .  15 we may w r i t e :
TABU V III
QUANTUM YIELDS AND MEAN PHOSPHORESCENCE LIFETIMES OF ar-HALONAPHTHA- 
LENES AND NAPHTHALENE IN HEAVY-ATOH SOLVENTS
E x te rn a l  Heavy-Atom E f f e c t I n t e r n a l  Heavy-Atom E f f e c t
Naphthalene
in
t ( s e c )  
P *f ^P
Compound T (sec )  
P * f YP
EM3 2.5 0 .55 0.055 Naphthalene 2 .5 0 .55 0.055
PCI3 2.27 0 .44 0.080 a -F lu o ro n ap h th a len e 1 .5b 0 .8 4 b 0 .056b
PBr3 1.73 0.13 0 .24 a -C h lo ronaph tha lene ° . 2 9 b 0 .058b 0 .30b
P I3 1.33 0.026 0 .3 5 a -Bromonaphthalene
-2
2x10 0.0016b 0 .2 7 b
a - Iodonaphthalene -32x10 J 0 .0005b 0 .3 8 b
a) EM=(4:I) EtOH, MeOH; PC1=(3.2 : . 8 : 1 )  EtOH, MeOH, Propyl  C h lo r id e ;  P B r = ( 3 . 2 : . 8 : i )  EtOB, MeOH, Propyl  
Bromide; PI ( 3 . 2 : . 8 : 1 )  EtOH, MeOH, Propyl  Iod ide .
b) According t o  da ta  of V. L. Ermolaev and K. K. S v i ta sh ev ,  O p t ic s  and S p e c . . _7» 399 (1959).
u
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F i g u r e .  14. T o t a l  E m is s io n  S p e c t r a  o f  N a p h th a l e n e  i n  P r o p y l  H a l i d e -  
A l c o h o l i c  S o l v e n t s  a t  77°K; 4 - ( 4 - E t h a n o l  : 1 -M e th a n o l )  : 
1 - P r o p y l  H a l i d e .  A l l  S p e c t r a  a r e  u n c o r r e c t e d  Aminco 
C u r v e s .  Curve 3 sh o u ld  be r e d u c e d  by f a c t o r  o f  t h r e e  ( 3 ) .  
E x c i t a t i o n  i s  a t  300mp,.
EM = A l c o h o l i c  S o lv e n t
PCI = P ro p y l  c h l o r i d e  a l c o h o l i c  s o l v e n t  
PBr = P ro p y l  b rom ide  a l c o h o l i c  s o l v e n t  




400 500 600 
W/VELEN6TH (mft)
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F i g u r e  15 .  I l l u s t r a t i n g  t h e  f i r s t - o r d e r  p r o c e s s e s  w h ic h  c o n n e c t  t h e
g ro u n d  s t a t e ,  t h e  l o w e s t  s i n g l e t  s t a t e ,  and t h e  l o w e s t
t r i p l e t  s t a t e ,  i s  t h e  f l u o r e s c e n c e  r a t e  c o n s t a n t ,
i s  t h e  r a t e  c o n s t a n t  f o r  i n t e r n a l  q u e n c h i n g  o f  f l u o r e s c e n c e ,
k i s  t h e  r a t e  c o n s t a n t  f o r  p h o s p h o r e s c e n c e ,  k  i s  t h e  
P * qp
r a t e  c o n s t a n t  f o r  i n t e r n a l  q u e n c h i n g  o f  p h o s p h o r e s c e n c e ,
and k ^ g i s  t h e  r a t e  c o n s t a n t  f o r  i n t e r s y s t e m  c r o s s i n g .
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I--------
6 • I  37I f  we now s e t  k ^ s l . 0 6  x 10 s e c ” a s  found by Kasha and Nauman,
and I f  we presume,  a s  seems r e a s o n a b l e ,  t h a t  k^ changes  b u t  l i t t l e
from one env ironm ent  t o  a n o t h e r ,  we n o te  t h a t  Eqs .  1 and 2 c o n t a i n
two o b s e r v a b l e s  and t h r e e  unknowns. We f u r t h e r  n o te  t h a t  T f o r
P
th e  e t h a n o l  methanol  g l a s s  i s  much th e  same a s  f o r  EPA, and t h a t
we may a c c o r d i n g l y  a d o p t  t h e  v a l u e s  k = 0 . 0 6  and k = 0 . 3 4  s e c .  *
32 p qPa s  found by Robinson f o r  EPA, f o r  b o th  g l a s s e s .  We may now adop t
two extreme a t t i t u d e s :  we may f i x a t e  k = 0 . 3 4  s e c .  i n  a l l  media ,q p
and th u s  maximize th e  v a r i a t i o n  in  k,  ( c f .  Eq. 2 ) ,  o r  we may f i x a t e  
-1k = 0 .0 6  s e c .  and th u s  maximize th e  i n c r e a s e  o f  b o th  k and k ,  ;
p qp i s
we c a l l  t h e s e  two ex t rem es  case  A and B, r e s p e c t i v e l y ,  and i t  seems 
t h a t  by t h i s  e x p e d ie n t  we may a t  l e a s t  o b t a i n  some id ea  o f  th e  
r e l a t i v e  e f f e c t s  o f  heavy-a toms on th e  r a t e  c o n s t a n t s  k , k ,
J qp p ’
and k ^ s which connec t  s t a t e s  o f  d i f f e r i n g  m u l t i p l i c i t i e s .  The
n e c e s s a r y  a b s t r a c t i o n s  a r e  c a r r i e d  out  in  Table  IX, whence i t  w i l l
be observed  from th e  b r a c k e t e d  numbers t h a t  th e  maximum i n c r e a s e  of
kp on going  from t h e  e t h a n o l :  methanol  g l a s s  (EM) to  the
e t h a n o l : m e t h a n o l : p r o p y l  i o d id e  g l a s s  (P I )  i s  by a f a c t o r  of  7,
o f  k by a f a c t o r  o f  2,  and o f  k,  by a f a c t o r  of  140; th e  minimal qp J  * i s  J
i n c r e a s e s  o f  k and k a r e  by f a c t o r s  of u n i t y  (no change) and o f
p qp
^ i s  a f a c t o r  21. I t  i s  n e c e s s a r y  t o  conc lude  t h e r e f o r e  t h a t  
t h e  p r o c e s s  most s e n s i t i v e l y  a f f e c t e d  by e x t e r n a l  heavy-a tom 
p e r t u r b a t i o n  i s  t h e  i n t e r s y s t e m  c r o s s i n g  p r o c e s s .  I t  i s  f u r t h e r  
o f  n o te  t h a t  th e  v a l u e s  o f  cp^/cp^ used in  c o n s t r u c t i o n  o f  Table  IX 
a r e  " o v e r  c o r r e c t e d "  and t h a t  a s  a consequence Table  IX u n d e r s t a t e s  
t h e  e v id e n c e  in  f a v o r  of  the  h ig h  s e n s i t i v i t y  o f  i n t e r s y s t e m  
c r o s s i n g .  Table  X i s  p r e s e n t e d  f o r  a compar ison  o f  th e  i n t e r n a l  
and e x t e r n a l  heavy-a tom e f f e c t .
One may now u t i l i z e  Eq. 3 and th e  d a t a  o f  Tab le  IX to  o b t a i n  
t h e  p r e d i c t i o n s  f o r  c a se  A and case  B. These a r e  shown in  Tab le  XI.
TABLE IX
THE LIMITS OF VARIATION OF THE 
INTERSYSTEM CROSSING RATE CONSTANT
CASE A3 CASE Bb
K
P




EM .06 ( I ) ° .71 (1 )° .34 ( D C .71 ( 1 ) C
PCI .10 (1 .6 ) .85 (1 .2 ) .38 (1 .1) 1 .4  (2)
PBr .24 (4 .0) 4.6 (6 .5) .52 (1 .5 ) 18. (25)
PI .41 ( 6 .8 14.6 (21) .69 (2) 100. (140)
a) K =0.34 sec * i n  a l l  four  media
qp -1b) K =0.06 sec  in  a l l  four  media
P
c) R e la t iv e  v a lu e s  a re  quoted in  b ra c k e ts
TABLE X
COMPARISON OF EXTERNAL AND INTERANL HEAVY-ATOM EFFECT
INTERNAL HEAVY-ATOM EFFECT3 
Compound k
P
k . i s
EXTERNAL HEAVY-ATOM EFFECT 
Naphthalene in  k^g
Naphthalene 1 1 EM 1 1
or-Fluoronaphthalene 1.6 2
a-Chloronaphthalene 8.6 1 .5 x l0 2 PCI 1.6  2
a -Bromonapht ha1ene 2 .5 x l0 2 5x l03 PBr 4 .0  25
a- Iodonaph tha lene 2 .5 x l0 3 3x l04 PI 6 .8  1 .4 x l0 2
a) Data of  V. L. Ermolaev and K. K. S v i ta sh ev ,  Opt ics  and S p e c . . 399 (1959);  a l l  v a lu e s  a r e  r e l a t i v e .
TABLE XI
COMPARISON OF THE PREDICTIONS OF CASE A AND CASE B
* f
SOLVENT
EM PCI PBr PI
Exp. .55 .44 .13 .026
Case A .59 .55 .20 .068
Case B .59 .43 .06 .011
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D e s p i t e  t h e  f a c t  t h a t  some u n c e r t a i n l y  a t t a c h e s  t o  t h e s e  l a s t  
e x p e r i m e n t a l  v a l u e s  t h e  a u t h o r  f e e l  t h a t  th e  a c t u a l  s i t u a t i o n  
a p p ro a c h e s  much more c l o s e l y  t h a t  o f  case  (B) th an  o f  case  (A).
T h i s  p r e d i c t s  t h a t  t h e  o r d e r  o f  c a se  (B) th an  o f  c a se  (A).  Th is  
p r e d i c t s  t h a t  th e  o r d e r  o f  d e c r e a s i n g  s e n s i t i v i t y  t o  t h i s  p e r ­
t u r b a t i o n  i s :  i n t e r s y s t e m  c r o s s i n g  p r o c e s s  (Sj-<T^)> p hosphorescence
quench ing  p r o c e s s  (T^-»Sq) >  p hosphorescence  em is s io n  p r o c e s s  (T^-*SQ) . 
I t  i s  s t r o n g l y  su g g es te d  by th e  d a t a  c o n ta in e d  h e r e i n  t h a t  heavy 
atom quench ing  o f  f l u o r e s c e n c e  can indeed  be a t t r i b u t e d  p r i m a r i l y ,  
i f  n o t  e n t i r e l y ,  t o  I n c r e a s e  in  t h e  p r o b a b i l i t y  o f  t h e  I n t e r s y s t e m
c r o s s i n g  p r o c e s s .  These c o n c l u s io n s  a r e  c o n t r a r y  t o  t h o s e  reached
41by S i e g e l  and J u d e l k i s  who conc luded  t h a t  i s  more s e n s i t i v e  to
th e  n a t u r e  of  t h e  s o l v e n t  than  a r e  k and k .  . I t  i s  d i f f i c u l tqp i s
t o  compare t h e  r e l a t i v e  v a l i d i t y  o f  t h e s e  c o n f l i c t i n g  r e s u l t s ;  
however ,  S i e g e l  and J u d e l k i s  used th e  t o t a l  o u tp u t  of  a PEK 500 
h i g h - p r e s s u r e ,  compact mercury  a r c  lamp f o r  e x c i t a t i o n ;  t h i s  h ig h  
i n t e n s i t y  so u rce  might  have caused p h o t o i o n i z a t i o n  and i t  may v e ry  
w e l l  be t h e  sou rce  o f  d i s a g r e e m e n t .  We have used th e  d i s p e r s e d  
o u tp u t  o f  a 150 W Xenon a t  300 mp, f o r  e x c i t a t i o n .
4. Phosphorescence  S p e c t r a
The phosphorescence  s p e c t r a  of  n a p h th a le n e  in  v a r i o u s  media 
a r e  g i v e n  in  F i g .  16. I t  seems e v i d e n t  t h a t  t h e r e  i s  no s i g n i f i c a n t  
s e l f - a b s o r p t i o n  o f  t h e  p h o sp h o re sc en ce .  The t r i p l e t  s t a t e  ex­
p e r i e n c e s  a red  s h i f t  r e l a t i v e  t o  t h e  ground s t a t e  as  t h e  s p in -  
o r b i t a l  c o u p l in g  n a t u r e  o f  th e  m a t r i x  i s  i n c r e a s e d ,  which i s  e n ­
t i r e l y  t o  be ex p ec ted  i f  th e  p e r t u r b i n g  s i n g l e t  which mixes  w i t h  
th e  t r i p l e t  o f  t h e  a r o m a t ic  l i e s  h i g h e r  i n  en e rg y  th a n  th e  t r i p l e t
39s t a t e .  These r e s u l t s  a r e  in  agreement  w i t h  Tsubomura and M ull iken  
who presume t h a t  t h i s  s i n g l e t  i s  t h e  c h a r g e - t r a n s f e r  s i n g l e t  s t a t e  
o f  a d o n o r - a c c e p t o r  complex; as  f a r  a s  t h e  p r e s e n t  r e s u l t s  a r e  
co n c e rn e d ,  however,  i t  could  be any h i g h e r  e n e rg y  s i n g l e t .  The 
0 , 0  f r e q u e n c i e s  of  th e  phosphorescence  in  d i f f e r e n t  media a r e  
a b s t r a c t e d  in  Table  X I I .
1 40I t  i s  n o ted  t h a t  th e  L t r a n s i t i o n  o f  n a p h th a le n e  e x p e r i e n c e sd
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F i g u r e  16. The phosphorescence  s p e c t r a  o f  n a p h t h a l e n e ,  in  d e scen d in g  
o r d e r ,  in  EP ( d i e t h y l  e t h e r  and i s o p e n ta n e  i n  a 1 : 1 
v / v  m i x t u r e ) ,  p ro p y l  c h l o r i d e  c racked  g l a s s ,  p ro p y l  
bromide c racked  g l a s s ,  and p ro p y l  i o d id e  c racked  g l a s s .  
Exposure t im es  were i n  a l l  c a s e s  abou t  20 min. Con­
c l u s i o n s  r e g a r d i n g  quantum y i e l d s  shou ld  n o t  be deduced 
from t h i s  g raph  s in c e  a phosphorescope  was i n t e r p o s e d  
between s p e c t r o g r a p h  and sample,  and th e  decay t im es  of  
th e  samples  were n o t  i d e n t i c a l .  The dashed l i n e s  be long  
to  t r a c e s  of l o n g e r  e x p o s u re s ,  and a r e  shown m ere ly  t o  
v a l i d a t e  some weak e m iss io n  bands .  A l l  " c r a c k e d "  g l a s s e s  
c o n s i s t e d  of a 2 :5  mole r a t i o  s o l u t i o n  o f  n a p h th a l e n e  
and p ro p y l  h a l i d e .  Kodak s p e c t r o s c o p i c  p l a t e s  103a-F(3)  
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TABLE XII
EFFECT OF MEDIUM OF THE FREQUENCY (0 ,0 )  OF PHOSPHORESCENCE
Solvent (cm- 1 ) Red s h i f t  (cm *)
E th e r - i s o p e n ta n e  g l a s s 21,335 -----
Propyl c h lo r id e  cracked g l a s s 21,280 55
Propyl  bromide cracked g l a s s 21,180 155
Propyl  iod ide  cracked g l a s s 21,010 325
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a red  s h l £ t  o f  101 cm * upon v a r i a t i o n  o f  a o l v e n t  from l -b rom obu tane  
t o  1 - lo d o b u ta n e ,  and t h a t  t h i s  s h i f t  l a  of  t h e  same o r d e r  o f  magni tude 
and i n  t h e  same d i r e c t i o n  a s  t h a t  observed  f o r  n a p h t h a l e n e  between the 
two c racked  g l a s s e s  c o n t a i n i n g  p ropy lb rom ide  and p r o p y l i o d i d e ,  
r e s p e c t i v e l y .  I t  would ap p ea r  th e n  t h a t  t h e  m a jo r  p o r t i o n  of  the  
red  s h i f t s  observed  In  t h e  v a r i o u s  g l a s s y  media i s  due t o  s im ple  
e l e c t r o s t a t i c  i n t e r a c t i o n  w i t h  t h e  s o l v e n t ,  and i s  a t t r i b u t a b l e  t o  
t h e  p o l a r l z a b l l i t y  o f  th e  t r i p l e t  s t a t e s .  In  o t h e r  w ords ,  th e  red 
s h i f t s  a r e  due a t  l e a s t  in  p a r t  t o  t r i p l e t - t r l p l e t  m ix ing ,  and i t  
seems u n l i k e l y  t h a t  any o t h e r  th a n  a sm al l  p a r t  o f  t h e  observed  
s h i f t s  i s  due t o  so lven t -ch ro m o p h o re  i n t e r a c t i o n  v i a  s p i n - o r b i t a l  
c o u p l in g ,  i . e . ,  t h ro u g h  s o l v e n t  Induced s i n g l e t - t r i p l e t  m ix ing .
5. C onc lus ion
I n  view of th e  l i m i t a t i o n s  imposed by s o l v e n t  a b s o r b t l v i t y  
( s e e  F i g .  13) ,  n a p h th a l e n e  i s  h a r d l y  an i d e a l  case  f o r  i n v e s t i g a t i o n .  
I t  i s  concluded t h a t  a s o l u t e  s p e c i e s  cap a b le  o f  s i g n i f i c a n t  
e x c i t a t i o n  in  t h e  4000-X r e g io n  w i t h  f l u o r e s c e n c e  above t h i s  wave­
l e n g t h  shou ld  be u t i l i z e d ,  s in c e  t h e r e b y  r e - a b s o r p t i o n  o f  f lu o re sc en ce  
by t h e  s o l v e n t  and c o m p e t i t i o n  by the  s o lv e n t  f o r  t h e  e x c i t a t i o n  
l i g h t  i s  m in im ized .  I t  i s  su g g es ted  t h a t  use  o f  heavy-a tom  s o l v e n t s  
may f a c i l i t a t e  th e  fo l l o w in g :
(1 )  A d e c r e a s e  in  t h e  lower  c o n c e n t r a t i o n  l i m i t  o f  phos-  
p h o r i m e t r i c  d e t e c t i o n ,  in  c e r t a i n  c a s e s ,  by a f a c t o r  
of 10 or  g r e a t e r  would n o t  be u n ex p e c ted .
(2)  S t im u la te d  e m is s io n  from t r i p l e t  s t a t e s  o f  s u i t a b l e  
o r g a n i c s  might  be more f e a s i b l e .  The i n c r e a s i n g  r a t e  
o f  p o p u l a t i o n  of  th e  t r i p l e t  s t a t e ,  and th e  i n c r e a s i n g  
e m is s iv e  r a t e  c o n s t a n t  f o r  pho sp h o rescen ce  which a r e  
a s s o c i a t e d  w i th  heavy-a tom p e r t u r b a t i o n s  a r e  b o th  
conducive  t o  th e  o n s e t  of  l a s e r  o s c i l l a t i o n s .  However,  
th e  d i f f i c u l t i e s  a s s o c i a t e d  w i th  l i n e w i d t h  ( c f .  F i g .  16) 
and th e  n o n -e m is s iv e  phosphorescence  r a t e  c o n s t a n t  ( c f .  
Table  IX) would ,  i f  a n y t h i n g ,  I n c r e a s e ;  q u a l i t y  f a c t o r  
d i f f i c u l t i e s  and the  w a s t e f u l  l o s s  o f  pumping ene rgy  and
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i n v e r s i o n  c a p a c i t y  i n  a b s o r p t i o n  p r o c e s s e s  would
s t i l l  p e r s i s t .
(3)  Th is  l a s t  o b s e r v a t i o n  might  however prove  u t i l i t a r i a n  
f o r  t h e  s tu d y  of  l ^ T ^  a b s o r p t i o n  p r o c e s s e s  of  m o lecu les  
which n o rm a l ly  p o s s e s s  low t r i p l e t  p o p u l a t i o n s .
(4)  I t  i s  a l s o  s u g g es ted  t h a t  s tu d y  of  t r l p l e t - t r i p l e t  
e n e rg y  t r a n s f e r  between l i k e  s p e c i e s  in  n o n c r y s t a l l i n e  
m a t r i c e s  o r  s o l u t i o n s  would be more r e a d i l y  s t u d i e d .
(5)  The b l m o l e c u l a r  r e c o m b in a t io n  o f  two e x c i t e d  t r i p l e t s
20t o  y i e l d  an e x c i t e d  s i n g l e t  might be f a c i l i t a t e d  by 
heavy-a tom  t e c h n i q u e s .
The p r e s e n t  work i s  s e m i q u a n t i t a t i v e  in  n a t u r e ,  bu t  i s  
s u f f i c i e n t l y  a c c u r a t e  t o  b e a r  t h e  d e d u c t iv e  burdens  imposed on i t .
I I I .  THE ELECTRONIC SPECTRA OF FERROCENE
1.  I n t r o d u c t i o n
The n a t u r e  of  bonding i n  t h e  f e r r o c e n e  m olecu le  has  been of  
much concern  t o  t h e o r e t i c a l  i n v e s t i g a t o r s ,  bu t  p r o g r e s s  has  been 
considerably  hampered by a l a c k  o f  e x p e r im e n ta l  i n f o r m a t i o n .  The 
p r im a ry  p u rpose  of  t h i s  c h a p t e r  i s  t o  p r e s e n t  a d e t a i l e d  a b s o r p t i o n  
spec t rum  o f  f e r r o c e n e  v ap o r  i n  t h e  r e g i o n  17,000 t o  55,000 cm
The v a p o r  spec t rum  of  f e r r o c e n e  d i s c u s s e d  h e r e i n  d i f f e r s  markedly 
from t h a t  of  f e r r o c e n e  i n  s o l u t i o n  and should  be of  g r e a t  i n t e r e s t  
t o  t h o s e  concerned  w i t h  en e rg y  l e v e l s  and bonding in  f e r r o c e n e  as  
w e l l  a s  i n  o t h e r  rr-bonded sandwich compounds. U l t r a v i o l e t  s o l u t i o n  
s p e c t r a  o f  f e r r o c e n e  were a l s o  o b ta in e d  a t  low t e m p e r a tu re s  by use 
o f  a s p e c i a l l y  c o n s t r u c t e d  low te m p e r a tu r e  a b s o r p t i o n  c e l l  which was 
mated to  th e  Beckman DK S p e c t ro p h o to m e te r .  S o l u t i o n  a b s o r p t i o n  
s p e c t r a  of  f e r r o c e n e  were d e te rm ined  a t  23°C, -78°C,  -100°C,  and 
- 196°C.
2. E x p e r im en ta l
F e r ro c e n e  was o b ta in e d  from Or. J .  G. Traynham of  t h i s  
L a b o r a t o r y  and Arapahoe Chem ica ls ,  I n c .  (B o u ld e r ,  C o lo rad o ) .  I t  
was p u r i f i e d  by r e p e a t e d  vacuum s u b l i m a t i o n ;  t h e  f i n a l  p u r i f i c a t i o n  
s t e p  in  a l l  c a s e s  was zone r e f i n i n g .  F l u o r i m e t r i c  grade  s o l v e n t s  
o b t a in e d  from Hartmann-Leddon Company ( P h i l a d e l p h i a ,  P en n sy lv a n ia )  
were used w i th o u t  f u r t h e r  p u r i f i c a t i o n .
F e r ro c e n e  was sublimed i n t o  th e  v apor  phase in  a 10 cm. long 
h i g h - t e m p e r a t u r e  c e l l  o r  i n  a 1 m eter  Cary gas  c e l l  and th e  vapor  
spec t rum  was reco rd ed  by th e  Cary Model 14 s p e c t ro p h o to m e te r .  The 
t e m p e r a tu re  used i n  t h e s e  d e t e r m i n a t i o n s  ranged from 23°C t o  100°C. 
Samples o f  f e r r o c e n e  in  KBr gave th e  same i n f r a r e d  spec t rum  bo th
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b e f o r e  and a f t e r  h e a t i n g  to  150°C, t h e r e b y  v e r i f y i n g  t h a t  t h e  bands 
p r e s e n t  i n  t h e  v a p o r  spec t rum  were n o t  t h o s e  o f  a d eco m p o s i t io n
p r o d u c t .  I t  has  a l s o  been e s t a b l i s h e d  in  t h e  l i t e r a t u r e  t h a t
o 42f e r r o c e n e  v ap o r  obeys th e  i d e a l  gas  law up to  400 C, which would 
i n d i c a t e  t h a t  a m odera te  t e m p e r a tu r e  of  100°C should  n o t  cause  i t  
t o  decompose.
Low t e m p e r a tu re  a b s o r p t i o n  s p e c t r a  were o b t a in e d  on a Beckman 
DK s p e c t r o p h o t o m e t e r  u s in g  t h e  s p e c i a l  low te m p e r a tu r e  doub le  p a th  
a b s o r p t i o n  c e l l  d e s c r i b e d  in  t h e  a p p en d ix .  The s o l v e n t  used f o r  
t h e  low t e m p e r a tu r e  work was EPA (5 p a r t s  d i e t h y l  e t h e r ,  5 p a r t s  
i s o p e n t a n e  and 2 p a r t s  e t h y l  a l c o h o l )  which forms a s o l i d  g l a s s  upon 
b e in g  co o led  to  l i q u i d  n i t r o g e n  t e m p e r a t u r e s .  B a s e l i n e s  f o r  the  
s o l v e n t  were o b t a in e d  on th e  s p e c t r o p h o to m e te r  a t  a l l  t e m p e r a t u r e s  
and th e  s p e c t r a  o f  th e  samples  were c o r r e c t e d  a c c o r d i n g l y .
A b s o rp t io n  s p e c t r a  of f e r r o c e n e  were measured a t  -78°C, -110°C,  and 
-196°C u s in g  th e  low t e m p e r a tu r e  c e l l  and th e  f o l l o w in g  c o o l in g  
a g e n t s :  d ry  i c e - a c e t o n e  m i x t u r e ,  methyl  e y e l o h e x a n e - l i q u i d  n i t r o g e n
m ix tu re  and l i q u i d  n i t r o g e n ,  r e s p e c t i v e l y .  S p e c t r a  were n o t  
r e co rd e d  beyond 42,(.30 cm  ̂ because  of  th e  reduced  t r a n s m i t t a n c e  of 
EPA in  t h i s  r e g io n  a t  low t e m p e r a tu r e .
3. R e s u l t s
The v a p o r  spec t rum  of  f e r r o c e n e  i s  shown in  F i g .  17 and i s  t o
43be compared w i t h  t h e  s o l u t i o n  s p e c t r a  o f  S c o t t  and Becker  shown 
in  F i g .  18. The bands observed  i n  th e  s o l u t i o n  and v a p o r  s p e c t r a  
a r e  c l a s s i f i e d  i n t o  n in e  systems as  shown in  F i g s .  17 and 18. Table  
X I I I  c o n t a i n s  a comparison o f  t h e  s o l u t i o n  and v ap o r  s p e c t r a .  The 
f i r s t  long w a v e le n g th  band,  sys tem  I ,  obse rved  in  t h e  s o l u t i o n  
spec t rum  i s  n o t  d e t e c t a b l e  in  th e  v ap o r  spec t rum .  Systems I I  and 
I I I  a r e  n o t  shown in  the  v ap o r  spec t rum  of  F i g .  17; th e y  a r e  indeed 
o b s e r v a b l e  i n  th e  v ap o r  spec t rum ,  but  on ly  w i th  c o n s i d e r a b l e  d i f f ­
i c u l t y  because  o f  t h e i r  low e x t i n c t i o n  c o e f f i c i e n t  and no e x t r a  
r e s o l u t i o n  r e l a t i v e  t o  t h e  s o l u t i o n  spec t rum  has  been o b t a i n e d .  The 
maxima o f  t h e s e  two bands in  th e  vapor  a r e  a p p r o x im a te ly  a t  the  same 
w av e le n g th  a s  t h e y  a r e  i n  th e  s o l u t i o n  s p e c t r a .
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F i g u r e  17. A b s o rp t io n  s p e c t r a  o f  f e r r o c e n e  v apor  a t  35 C. The
Roman num era ls  r e p r e s e n t  a c l a s s i f i c a t i o n  o f  th e  bands 
observed  In the  v a p o r  spec t rum  and th o se  obse rved  In  
th e  s o l u t i o n  spec t rum  ( F ig .  18) I n t o  sy s te m s .  A d d i t i o n a l  
broad s t r u c t u r e l e s s  bands a r e  observed  a t  22 ,700 and 
30,800 cm  ̂ w i t h  e x t i n c t i o n  c o e f f i c i e n t s  o f  a p p r o x im a te ly  
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F i g u r e  18 .  A b s o r p t i o n  s p e c t r u m  o f  f e r r o c e n e  In  l s o p e n t a n e  a t  24°C.
The Roman n u m e r a l s  r e p r e s e n t  a c l a s s i f i c a t i o n  o f  t h e  
bands  o b s e rv e d  In  t h e  above s p e c t ru m  and t h o s e  o b s e rv ed  
t h e  v a p o r  s p e c t r u m  o f  f e r r o c e n e  ( F i g .  17) I n t o  s y s t e m s .  
The s p e c t ru m  I s  t a k e n  f rom  S c o t t ,  D .S.  and B ec k e r ,  R . S . ,  
J .  Chem. P h y s . . 35,  516 ( 1 9 6 1 ) .
1 — I I I I M FT— I I I 11 H I  '
Kf
■ «    1 ‘ 1 1 ■ I t i  i l-Lll
TABLE XIII
COMPARISON OF THE ABSORPTION BANDS OF FERROCENE 
IN SOLUTION AND IN THE VAPOR PHASE
(  a \
Solu t ion Vapor
Band Max. Band
System
(cm '1) e (cm"1) e
I 18,900 7.8 not  observed —
I I 22,700 102 22,700 (Max., no s t r u c t u r e ) '*'100
I I I 30,800 57.9 30,800 (Max., no s t r u c t u r e ) < 1 0 0
IV 37,700 1,600 37,700 (Max., no s t r u c t u r e ) 2,000
V 41,600 3,500 40,506 ( 0 ,0  t r a n s i t i o n ) 4,520
VI 42,181 (0 ,0  t r a n s i t i o n ) 2,800
VII 46,933 (0 ,0  t r a n s i t i o n ) 9,070
V III 49,400 51,400 50,890 (0 ,0  t r a n s i t i o n ) 32,700
IX 53,078 (0 ,0  t r a n s i t i o n ) 26,000
a) Franck-Condon maximum, D.R. Sco t t  and R. S. Becker,  of Chem. Phys. . 35. 1516 (1961).
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The s o l u t i o n  s p e c t r a  of f e r r o c e n e  in  EPA in  th e  tem p e ra tu re  
range 23°C to  -196°C a r e  shown in  F ig .  19 and th e  r e a u l t s  a r e  t a b ­
u l a t e d  i n  Table  XIV.
4.  D isc u ss io n
The f i r s t  system (sys tem  I ,  Table  X I I I  and F i g .  18) o f  low
i n t e n s i t y  which occu rs  a t  18,400 cm * and which i s  no t  observed
in  our  work, has been a s s ig n e d  a s  a T «-Sn t r a n s i t i o n  by S c o t t  and 
43Becker.  T h e i r  ass ignment  i s  based on i t s  low e x t i n c t i o n  co­
e f f i c i e n t )  c=7.8 ,  a s l i g h t  e x t e r n a l  and I n t e r n a l  heavy-atom 
enhancement e f f e c t ,  and an a p p a re n t  e m iss io n  from t h i s  s t a t e  w i th  
a mean l i f e t i m e  of  a p p ro x im a te ly  2 s e c .  We have n o t  been a b l e  to  
conf i rm  t h i s  system s in c e  e f f o r t s  to  observe  t h i s  band in  hydro­
carbon and heavy-atom s o lv e n t s  have been u n s u c c e s s f u l .  I n  a d d i t i o n ,  
we have no t  observed the  r e p o r t e d  em iss io n  by S c o t t  and Becker.
System I I  (max. a t  22,700 cm S , as  w e l l  a s  Systems I I I  
(max. a t  30,800 cm *") and IV (max. a t  37,700 cm ^ ) ,  occur  in  the  
vapor  spectrum l i t t l e  changed in  appearance  from t h a t  in  the  
s o l u t i o n  spec t rum .  However, th e  rem ainder  o f  the  a b s o r p t i o n  systems 
in  the  vapor  spectrum show c o n s id e r a b l e  v i b r a t i o n a l  s t r u c t u r e .  The 
r ea so n  f o r  t h i s  i s  n o t  immediate ly  c l e a r ;  however,  t h e r e  i s  c o n s id e r ­
a b le  ev idence  t h a t  t h e r e  i s  e i t h e r  a f r e e  o r  s l i g h t l y  h indered
44i n t e r n a l  r o t a t i o n  of  the  r i n g s  about  the p r i n c i p a l  a x i s .  The 
energy  of  the  3d l ig an d  f i e l d  bands of  i r o n  a r e  ex t rem e ly  s e n s i t i v e  
to  the  p o s i t i o n  of  the  r i n g s ;  hence,  r o t a t i o n  of  the  r i n g s  r e l a t i v e  
to  one a n o th e r  should  tend to  induce a d i f f u s i v e n e s s  of  the  3d 
l e v e l s  o f  the  i r o n  atom o f  f e r r o c e n e  and any e l e c t r o n i c  t r a n s i t i o n s  
i n v o l v i n g  th ese  l e v e l s  should  a l s o  be d i f f u s e  w i th  no v i b r a t i o n a l  
s t r u c t u r e  ex p e c ted .  However, th e  e n e r g i e s  o f  the  r i n g  o r b i t a l s  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  p o s i t i o n  of  the  metal  and t h e r e f o r e  
t r a n s i t i o n s  i n v o lv in g  p r i m a r i l y  r i n g  o r b i t a l s  should be e f f e c t e d  
much l e s s  by t h i s  h in d e red  i n t e r n a l  r o t a t i o n  of  th e  r i n g s  and 
might be expec ted  to  show c o n s id e r a b l e  v i b r a t i o n a l  s t r u c t u r i n g .
I t  i s  t h e r f o r e  concluded t h a t  System I I ,  as  w e l l  as  Systems I I I  and 
IV, must i n  some way in v o lv e  th e  3d l e v e l s  of  i r o n  w hi le  System V,
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F ig u r e  19. The t e m p e r a tu r e  dependence o f  t h e  spec t rum  o f  f e r r o c e n e .  
A l l  s p e c t r a  were measured i n  th e  same s o l u t i o n  of  
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I I 23 22,700 90.1
I I -78 23,200 80.7
I I -110 23,400 80.0
I I -196 23,700 78 .8
I I I 23 30,700 49 .4
I I I -78 30,700 48.5
I I I -110 30,800 47.9




V I,  V I I ,  V I I I ,  and IX p r o b a b ly  in v o lv e  t r a n s i t i o n s  between r i n g
m o le c u la r  o r b i t a l s .  System I I  shows a s h i f t  from 22,700 to  23,700
cm**, a n a r row ing  o f  th e  band ,  and a s l i g h t  d e c r e a s e  o f  i n t e n s i t y
on g o in g  from room t e m p e r a tu r e  t o  l i q u i d  n i t r o g e n  t e m p e r a tu r e  ( s e e
F i g .  19 and Tab le  XIV). T h is  i s  e x a c t l y  what i s  e x p ec te d  i f  t h i s
t r a n s i t i o n  be a r e l a t i v e l y  pu re  symmetry f o r b i d d e n  d-d t r a n s t l o n
which  o b t a i n s  I n t e n s i t y  because  o f  some v i b r a t i o n a l  d i s t o r t i o n  of
43 45
th e  m o le c u la r  geom etry .  * I n  a d d i t i o n ,  System I I  i s  i n s e n s i t i v e  
t o  s o l v e n t  e f f e c t s  and r e l a t i v e l y  i n s e n s i t i v e  t o  s u b s t i t u t i o n  on th e  
r i n g .  T h e r e f o r e  System I I  i s  a s s i g n e d  as  a r e l a t i v e l y  pure  3d-3d
t r a n s i t i o n  which  i s  h i g h l y  l o c a l i z e d  on th e  i r o n  atom. This
43as s ig n m en t  I s  i n  agreem ent  w i t h  t h a t  o f  S c o t t  and Becker .
System I I I  ( 3 0 ,8 0 0  cm * ) ,  a s  p r e v i o u s l y  m en t ioned ,  i s  s i m i l a r  
to  System I I  In  t h a t  i t  a l s o  shows no v i b r a t i o n a l  s t r u c t u r e  in  the  
v a p o r  sp ec t ru m ;  h e n ce ,  i t  must in v o lv e  th e  3d o r b i t a l s  o f  i r o n  in  
some way. However,  u n l i k e  System I I ,  System I I I  shows l i t t l e  change 
i n  e i t h e r  i n t e n s i t y  o r  w av e le n g th  when th e  t e m p e r a tu re  i s  lowered
( F ig .  19 and Table  XIV). T h e r e f o r e ,  t h i s  band cannot  be a 3d-3d
46 43t r a n s i t i o n .  Data of  Weinmayr, and of S c o t t  and Becker  on the
u l t r a v i o l e t  s p e c t r a  of s u b s t i t u t e d  f e r r o c e n e s  i n d i c a t e  t h a t  System
I I I  i s  more s e n s i t i v e  to  s u b s t i t u t i o n  on th e  c y c l o p e n t a d i e n y l  r i n g s
th a n  i s  System I I .  System I I I  i s  t h e r e f o r e  p r o b a b ly  a fo rb id d e n
t r a n s i t i o n  o f  t h e  type  3 d - r i n g  MO.
System IV (3 7 ,700  cm *) was f i r s t  r e p o r t e d  as  a s h o u ld e r  in
43th e  s o l u t i o n  s p e c t r a  by S c o t t  and Becker.  Th is  band i s  confirmed
by th e  s p e c t r a  o f  f e r r o c e n e  a t  -196°C in  EPA ( F i g .  19) .  At t h i s
t e m p e r a t u r e  t h i s  band i s  co m p le te ly  r e s o l v e d .  Th is  band i s  a l s o
conf i rm ed  by th e  v ap o r  spec t rum  in  which System IV a p p e a r s  a s  a
broad  s t r u c t u r e l e s s  band which has  a s t r u c t u r e d  System V s u p e r -
43imposed on top  of  i t .  I t  i s  r e p o r t e d  by S c o t t  and Becker t h a t  
System IV, a s  w e l l  a s  System V, undergo a red s h i f t  and i n t e n s i ­
f i c a t i o n  upon s u b s t i t u t i o n  of  v a r i o u s  groups  on th e  r i n g s .  However, 
most o f  t h e  d e r i v a t i v e s  r e f e r r e d  to  c o n t a i n  s u b s t i t u t e d  groups  such 
as  p h e n y l ,  p - n i t r o p h e n y l ,  e t c .  which th em se lv es  show a b s o r p t i o n  in  
t h i s  r e g i o n .  T h e r e f o r e ,  l i t t l e  s i g n i f i c a n c e  i s  p la c e d  on the
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p o s i t i o n  o f  th e  band maximum w hich  o ccu r  In t h i s  r e g io n  o f  most o f  
th e  d e r i v a t i v e s  s t u d ie d .  In l i g h t  o f  th e  s t r u c t u r e l e s s  form o f  
System  IV in  th e  vapor  spectrum , an a p p a r e n t ly  g r e a t e r ,  but s i m i l a r ,  
s e n s i t i v i t y  to  s u b s t i t u t i o n  on th e  r in g s  than System  I I I  and i t s  
medium i n t e n s i t y ;  System  IV i s  p ro b a b ly  a l s o  a t r a n s i t i o n  o f  th e  
ty p e  3 d -r in g  MO but w hich  i n v o l v e s  more r in g  c h a r a c te r  than System  
I I I ,  and w hich  may be a l lo w e d .
The r em a in d e r  o f  t h e  e l e c t r o n i c  a b s o r p t i o n  bands  p r e s e n t  i n  
th e  f e r r o c e n e  v apor  spec t rum  have a c o n s i d e r a b l e  amount of  v i ­
b r a t i o n a l  f i n e  s t r u c t u r e  a s s o c i a t e d  w i t h  them. V i b r a t i o n a l  a n a l y s i s  
o f  t h e s e  bands  a r e  g iv e n  in  T a b le s  XV, XVI, XVII,  XVIII and XIX. 
These a n a l y s i s  should  be viewed w i th  c a u t i o n  s in c e  in  g e n e r a l  th e y  
a r e  n o t  u n iq u e .  The p r im a ry  r e a so n  f o r  t h i s  i s  th e  e r r o r  Involved  
in  d e t e r m in in g  band maxima. In  a d d i t i o n  observed  i n t e r v a l s  a r e
compared w i th  the  f r e q u e n c i e s  found in  th e  i n f r a r e d  and Raman s p e c t r a
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of  f e r r o c e n e  by L i p p i n c o t t  and Nelson .  These a r e  ground s t a t e  
f r e q u e n c i e s  and i t  i s  p o s s i b l e  t h a t  th e y  may be changed somewhat 
In  the  e x c i t e d  s t a t e s .  With t h i s  word o f  c a u t i o n  we d i s c u s s  th e  
a n a l y s i s  o f  each  system below.
Since  a band has  been found in  th e  I n f r a r e d  spec t rum  of  170 cm }
many h o t  bands  a r i s i n g  from t h i s  v i b r a t i o n a l  l e v e l  might  be expec ted
in  the  a b s o r p t i o n  spec t rum .  A b r i e f  c a l c u l a t i o n  o f  KT energy  shows
t h a t  about  f o u r - t e n t h s  of  the  m o lecu le s  might  be found in  t h i s  upper
v i b r a t i o n a l  l e v e l  a t  room t e m p e r a t u r e .  Th is  p o i n t  was c o n s id e re d
in  a s s i g n i n g  th e  0 -0  t r a n s i t i o n  o f  band System V s in c e  th e  i n t e n s i t i e s
o f  th e  f i r s t  two v i b r a t i o n a l  bands a r e  v e r y  weak compared to  th e
r e s t  of  th e  system.  However, n e i t h e r  was c o n s id e re d  t e m p e ra tu re
dependent  enough t o  have a r i s e n  from ho t  bands .  System V can be
a n a l y z e d ,  f o r  the  most p a r t ,  i n  te rms  of  f r e q u e n c i e s  ( se e  Table
XV). The i n t e n s i t y  of System V a f t e r  th e  broad s t r u c t u r e l e s s  System
IV i s  s u b t r a c t e d  ou t  i s  smal l  r e l a t i v e  t o  Systems V I I I  and IX, and
hence i t  may be a f o r b i d d e n  e l e c t r o n i c  t r a n s i t i o n  which has  become
al lowed th ro u g h  v i b r a t i o n a l  c o u p l in g .  I f  t h i s  be the  c a s e ,  th en  in
48o r d e r  t o  be a l low ed  in  t h e  X,Y d i r e c t i o n
TABLE XV
THE VIBRATIONAL FREQUENCIES AND VIBRATIONAL ANALYSIS OF SYSTEM V
v Av ( a )I n t e n s i t y '  7 Assignment Species I d e n t i f i c a t i o n
(cm"1) (cm"1)
40,506 0 VW (o,o) -----
40,687 181 VW 170 Elu Ring meta l  r i n g  bending
41,005 499 S 492 Elu Antisym. r i n g  t i l t
41,123 617 M Unassigned
41,178 668 M Unassigned
41,276 770 M 303+492=795
V El u - Elu
Sym. r in g  meta l s t r e t c h  + Antisym. r i n g  t i l t
41,361 855 M 38&f478=866 Elg +A2u=El u Sym. r i n g  t i l t  + Antisym. r i n g  metal  s t r e t c h
41,515 1009 U 1002 Elu CH bending1*
41,846 1340 VW 1411 Elu Antisym. CC s t r e t c h
a)  VW=Very Weak, W=Weak, M=Medium, S=Strong
b) Of d o u b t fu l  assignment s in ce  CH v i b r a t i o n s  a re  not  expected  to  couple .
CDN)
TABLE XVI
THE VIBRATIONAL FREQUENCIES AND VIBRATIONAL ANALYSIS OF SYSTEM VI
t &  Assignment Species I d e n t i f i c a t i o n
(cm- 1 ) (cm-1 ) _
4 2 , 181±36 0 (0 ,0 ) ----- -----
42,522±18 333 303 Ailg
Sym. r in g  metal  s t r e t c h
42,942±38 753 804 Ailg
Sym. CH bending
4 3 , 352±60 1163 1108 Ailg
Sym. r in g  bending
a)  Of d o u b t fu l  assignment  s ince  CH v i b r a t i o n s  a re  not  expected to  couple .
oou
TABLE XVII





Assignment Species I d e n t i f i c a t i o n
46,933±50 0 (0 ,0 ) -----
47,199 266 170 Elu Rind metal  r i n g  bending
47,423±25 490 492 Elu Antisym r i n g  t i l t
47,740 807 388+478=866 Elg+A2u=Elu Sym. r i n g  t i l t  + Antisym. r in g  metal  s t r e t c h
47,969 1,031 1002 Elu CH bending8
48,296 1,360 1411 Elu Antisym. CC s t r e t c h
48,598 1,665 1411+303=1714 A, +E =Elg  lu  lu Antisym. CC s t r e t c h  + Sym. r in g  metal  s t r e t c h
49,391 2,458 1408+1108=2516 Elg +A2u-Elu Sym. CC s t r e t c h  + Antisym. r i n g  b r e a th in g
49,661±50 2,728 Unassigned
50,025 3,092 3075 Elu CH s t r e t c h i n g  8
a)  Of d o u b t fu l  assignment s in ce  CH v i b r a t i o n s  a re  n o t  expected  to  couple .
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TABLE XVIII
THE VIBRATIONAL FREQUENCIES AND VIBRATIOHAL ANALYSIS OF SYSTEM V III
V Av Assignment Species I d e n t i f i c a t i o n
(cm"1) (cm ) (cm '1)
50,890±25 —  (0 ,0 )
51,177 287 303 A
lg
Sym. r i n g  metal  s t r e t c h
51,440 550 303x2-606 A ilg








Sym. r i n g  b r e a th in g
52,164 1,274 303x4=1,212 A,lg








Sym. r i n g  metal  s t r e t c h
TABLE XIX
THE VIBRATIONAL FREQUENCIES AND VIBRATIONAL ANALYSIS OF SYSTEM IX
V Av Assignment Species I d e n t i f i c a t i o n
(cm- 1 ) (cm ) (cm"1)
53,078±25 —  ( 0 , 0 )
53,390 312 303 A ilg
Sym* Ring Metal S t r e t c h
53,669 591 2x303=606 A,lg
Sym. Ring Metal S t r e t c h
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ESr v i b  ^  Al g
A, x E. x E, = A, + A_ + E„ ; l g  l u  l u  lg  2g 2g
o r  i n  o r d e r  Co be a l lowed  in  t h e  Z d i r e c t i o n
A, x A. x E. ^  E, . lg  2u l u  lg
T h e r e f o r e  i f  t h e  a n a l y s i s  g iv e n  be c o r r e c t  th e  e x c i t e d  s t a t e  must 
b e lo n g  to  one o f  the  fo l l o w in g  r e p r e s e n t a t i o n s :  ^ 2 g ’ ^2g*
o r  E, .
System VI i s  a l s o  o f  low i n t e n s i t y  and i s  p ro b a b ly  a l s o  f o r ­
b id d en .  I t  can be a n a ly z ed  in  terms o f  A ^  (T ab le  XVI) f r e q u e n c i e s  
and th u s  t h e  e x c i t e d  s t a t e  i s  p r e d i c t e d  to  be o f  e i t h e r  th e  E^^ or 
A^u r e p r e s e n t a t i o n .
A f t e r  t h e  t a i l  o f  System V I I I  i s  s u b t r a c t e d  from System 
V I I ,  System VII  i s  o f  comparable i n t e n s i t y  t o  System V ( F ig .  17) and 
hence may a l s o  be f o r b i d d e n .  System V II  can a l s o  be an a ly ze d  (Table  
XVII) ,  f o r  th e  most p a r t ,  in  te rms  of  E^u f r e q u e n c i e s .  The p r e d i c t e d  
r e p r e s e n t a t i o n s  of  t h e  e x c i t e d  s t a t e  a r e  th u s  th e  same a s  f o r  System
V, i . e . ,  A, , A„ , E .  , o r  E. .l g  2g 2g lg
Systems V I I I  and IX a r e  of  s u f f i c i e n t  i n t e n s i t y  t o  be con­
s i d e r e d  a l l o w e d ,  ( F ig .  17) .  System V I I I  can be an a ly z e d  in  te rms  
o f  an A^ 303 cm * ( s e e  Table  XVIII)  v i b r a t i o n a l  p r o g r e s s i o n  and an
A- 1105 cm"* v i b r a t i o n a l  f r e q u e n c y .  System IX can a l s o  be ana lyzed
-1u s in g  a p r o g r e s s i o n  of t h e  A^ 303 cm v i b r a t i o n  (T ab le  XIX).
These systems should  t h e r e f o r e  in v o lv e  t r a n s i t i o n  of  a s i m i l a r
ty p e ,  and th e  p r e d i c t e d  p o s s i b l e  r e p r e s e n t a t i o n  f o r  th e  e x c i t e d
s t a t e s  o f  Systems V I I I  and IX a r e  th e  same a s  System VI ,  i . e . ,
A. o r  E. .2u lu
5. C o n c lu s io n s
The v ap o r  spec t rum  o f  f e r r o c e n e  shows a t o t a l  o f  8 s l n g l e t -
s i n g l e t  (S^*-Sn) t r a n s i t i o n .  The t r a n s i t i o n s  a t  42,181 cm *,
-1 - 1  47,288 cm , and 53 ,078 cm a r e  r e p o r t e d  f o r  the  f i r s t  t im e .  The
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band a t  22 ,700 cm-1 l a  a s s i g n e d  as  a h i g h l y  l o c a l i z e d  l i g a n d  f i e l d  
3d-3d t r a n s i t i o n  and th e  bands a t  30 ,800 cm 1 and 37 ,700  cm 1 a r e  
shown to  be t r a n s i t i o n s  p r o b a b ly  o f  th e  ty p e  3 d - r i n g  M0. V i b r a t i o n a l  
a n a l y s i s  o f  t h e  r e s t  o f  t h e  bands i n  t h e  v ap o r  spec t rum  a r e  made and 
i t  i s  p r e d i c t e d  t h a t  t h e  e x c i t e d  s t a t e  o f  t h e  bands  a t  40 ,506 and 
46 ,933  cm"1 b e lo n g s  t o  one o f  t h e  f o l l o w in g  r e p r e s e n t a t i o n s :
A. , E_ , o r  E. , and t h a t  t h e  e x c i t e d  s t a t e  o f  th e  bands  a t  42 ,181 ,
*8 *8 „ i ^8 .
50 ,890 cm and 53 ,078  cm b e lo n g s  to  e i t h e r  E^u o r  A^u r e p r e s e n t a ­
t i o n .
APPENDIX. A LOW TEMPERATURE DOUBLE PATH ABSORPTION CELL*
1. I n t r o d u c t i o n
The Impor tance  o f  low t e m p e ra tu re  a b s o r p t i o n  s p e c t ro s c o p y  has
been r e c o g n iz e d  f o r  y e a r s ,  b u t  r e l a t i v e l y  l i t t l e  work has been
r e p o r t e d  In th e  f i e l d  because  of t h e  e x p e r i m e n t a l  d i f f i c u l t i e s
49 - 55which have e x i s t e d .  R e c e n t ly ,  s e v e r a l  a u t h o r s  have a t t em p te d
t o  remove some o f  t h e s e  e x p e r i m e n t a l  problems by d e s ig n i n g  low 
te m p e r a tu r e  a b s o r p t i o n  c e l l s  f o r  v a r i o u s  s p e c t r o g r a p h s .  D escr ibed  
h e re  i s  a low t e m p e r a tu re  a b s o r p t i o n  c e l l  d e s ig n e d  e s p e c i a l l y  f o r  
Beckman DK, DK-1, and DK-2 r e c o r d i n g  s p e c t r o p h o to m e te r s  and which 
has  been i n  use i n  t h e s e  l a b o r a t o r i e s  f o r  a p p r o x im a te ly  fo u r  y e a r s .  
I t  has  been found t h a t  t h i s  c e l l  removes some o f  t h e  problems 
a s s o c i a t e d  w i t h  t h i s  f i e l d  and o f f e r s  some d i s t i n c t  ad v an ta g e s  over  
p r e v io u s  d e s ig n s .
V i s i b l e  and u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  a t  room tem p e ra tu re  
a r e  i n  g e n e r a l  broad band s p e c t r a  w i th  l i t t l e ,  i f  any,  s t r u c t u r e .  
T h i s  i s  p r i m a r i l y  due t o :  (1)  th e rm a l  motion of th e  m o lecu le s
and a s s o c i a t e d  p e r t u r b a t i o n  e f f e c t s  which in c l u d e  c o l l i s i o n a l  
b ro a d e n in g ,  t h e  Doppler  e f f e c t ,  and random v a r i a t i o n s  of  i n t e r n a l  
S t a r k  and Zeeman e f f e c t s ;  (2)  th e rm a l  p o p u l a t i o n  of  th e  h i g h e r  
v i b r a t i o n a l  l e v e l s  of the  ground s t a t e  and (3) n a t u r a l  band w i d t h s .  
By low er ing  th e  t e m p e r a tu r e  o f  t h e  s a n p le ,  one should  observe
s e v e r a l  im p o r ta n t  e f f e c t s .  Among t h e s e  a r e :  a d d i t i o n a l  r e s o l u t i o n ,
56* 58 59a g r e a t e r  p o s s i b i l i t y  of  l o c a t i n g  th e  0 , 0  t r a n s i t i o n ,  a
58.  59
g r e a t e r  e a s e  of  c l a s s i f i c a t i o n  o f  bands ,  changes  in  i n t e n s i t y
w i t h  t e m p e r a t u r e ,  s p e c i f i c  thermochromic e f f e c t s  ( h o t  bands ,  e t c . )  
60-61 photochromic  e f f e c t s . *** Some o f  t h e s e  e f f e c t s  have been
* P u b l i sh e d  in  p a r t  i n  Rev. S c i e n t i f i c  I n s t . . 33 . 1367 (1962).
89
90
s t u d i e d  i n  t h i s  l a b o r a t o r y .
2. D e s c r i p t i o n  o f  t h e  A p para tus
The d e t a i l e d  c o n s t r u c t i o n  o f  th e  a p p a r a t u s  i s  shovm i n  F i g s .  20 
and 21. The c e l l  c o n s i s t s  o f  a d e t a c h a b l e  i n n e r  and o u t e r  chamber 
s e p a r a t e d  by an  e v a c u l a t e d  r e g i o n  f o r  i n s u l a t i o n .  Both compartments  
a r e  machined from s o l i d  b r a s s  i n  o r d e r  t o  e l i m i n a t e  a s  many s o ld e r e d  
j o i n t s  a s  p o s s i b l e ,  which i s  an advan tage  over  p r e v io u s  d e s ig n s .  
B ras s  was chosen f o r  th e  c o n s t r u c t i o n  m a t e r i a l  because  of  ease  o f  
m ach in ing  and th e  r e l a t i v e l y  h ig h  th e rm a l  c o n d u c t i v i t y  which i t  
p o s s e s s e s .
The o p t i c a l  a x i s  o f  t h e  i n n e r  compartment i s  l o c a t e d  w i t h  
r e s p e c t  to  t h a t  of  th e  o u t e r  compartment by the  mat ing  s u r f a c e s  ( see  
a  o f  F i g .  20) o f  t h e  f l a n g e s  of  th e  two chambers,  and by two p in s  
(@, F i g .  20) which a r e  a t t a c h e d  to  the  top  f l a n g e  and f i t  i n t o  
c o r r e s p o n d in g  h o l e s  in  t h e  lower  f l a n g e .  A vacuum s e a l  i s  secured  
between th e  two f l a n g e s  by means o f  a ru b b e r  o r  t e f l o n  0 - r l n g  g a s k e t  
( Y ,  F i g .  2 0 ) .  With a vacuum of  .1 t o  . 4  mm p r e s s u r e  i n  th e  o u t e r  
chamber (6 ,  F i g .  20) th e  c e l l  may be used f o r  s e v e r a l  hours  w i t h  
l i t t l e ,  i f  any ,  c o n d e n s a t io n  o f  w a te r  on th e  o u t s i d e  o f  th e  c e l l .  
However,  f o r  s h o r t  e x p e r im e n ts  of  ~20 m in u te s ,  3 to  5 mm o f  p r e s s u r e  
p r o v id e s  ad eq u a te  i n s u l a t i o n .
To p r e s e r v e  th e  vacuum s e a l  i t  was found n e c e s s a r y  t o  c i r c u l a t e  
w a t e r  w i t h i n  t h e  hol low f l a n g e s  ( e ,  F ig .  20) in  o r d e r  t o  p r ev e n t  
i c e  fo rm a t io n  between them. For  s h o r t  ex p e r im en ts  0—20 minute  
d u r a t i o n )  o r  t e m p e r a tu r e s  above -80°C no c i r c u l a t i o n  was found 
n e c e s s a r y .  In  p r a c t i c e  th e  w a t e r  c i r c u l a t i o n  th rough  th e  f l a n g e s  
may be h a l t e d  f o r  s h o r t  p e r i o d s  of  t ime i f  n e c e s s a r y ;  however,  i f  
t h i s  i s  done i t  i s  a d v i s a b l e  t o  purge th e  hol low f l a n g e s  w i th  a i r  
to  remove a l l  w a te r  i n  them and th e r e b y  p r e v e n t  i c e  fo rm a t io n  which 
would p r o h i b i t  r e s t a r t i n g  of  w a te r  f low.
To e n su re  t h a t  no v ap o r  condenses  on the  o u t s i d e  windows (|j,, 
F i g .  20) w h i le  s p e c t r a  a r e  b e ing  o b t a i n e d ,  t h e s e  windows a r e  swept 
w i t h  a s t r e a m  o f  d ry  a i r  (T|, F i g .  20) .
The i n n e r  window assembly  ( \ ,  F ig .  2 0 )  i s  shown e n la r g e d  in
F ig u re  20. Schematic  of  th e  low tem p era tu re  c e l l .







I n  F i g .  21. The q u a r t z  windows (D, F i g .  21) a r e  c o n ta in e d  between
an  Indium g a s k e t  (E,  F i g .  21) and B e l l e v i l l e  w asher  (B, F i g .  21)
which n o t  o n ly  makes a good s e a l  o v e r  a wide range  o f  t e m p e r a tu r e s
62b u t  g r e a t l y  r e d u c e s  b reakage  due t o  e x p an s io n  and c o n t r a c t i o n .
T h is  window a r rangem en t  I s  a d i s t i n c t  advan tage  o v e r  o t h e r  c e l l s .
The q u a r t z  windows may be used a lm o s t  I n d e f i n i t e l y  once a good s e a l  
i s  o b t a i n e d .
A range  o f  c o o l a n t s  may be u t i l i z e d  s in c e  th e  c o o la n t  i s  no t  
i n  the  l i g h t  p a t h .  A p a r t i a l  l i s t  o f  s l u s h  b a t h s  o r  c o o l a n t s  i s  
g iv e n  in  Tab le  XX and were chosen to  g iv e  a range  of  t e m p e ra tu re  
between room t e m p e r a tu r e  and t h a t  of  l i q u i d  n i t r o g e n .  I t  i s  a l s o  
p o s s i b l e  t o  use  t h e  c e l l  up t o  abou t  100°C w i t h  th e  use o f  w a t e r ,  
o r  o i l ,  and a h e a t e r  which may be Immersed d i r e c t l y  in  th e  w a t e r ,  
o r  o i l ,  i n  th e  h e a t i n g  chamber.
A p a t h  l e n g t h  o f  abou t  2 cm i s  employed in  b o th  th e  sample 
and r e f e r e n c e  c e l l .  However, most s o l v e n t s  show reduced t r a n s ­
m is s io n  a t  l i q u i d  n i t r o g e n  t e m p e r a tu r e s  due t o  d i s s o l v e d  gas  which 
forms "m ic ro"  b u b b le s  when th e  s o l u t i o n  becomes r i g i d .  This  causes  
an i n c r e a s e  i n  l i g h t  s c a t t e r i n g  which becomes i n c r e a s i n g l y  im p o r ta n t  
a s  one goes  to  s h o r t e r  w a v e le n g th s .  T h e r e f o r e ,  t h e  c e l l  p a th  l e n g t h  
could  p o s s i b l y  be reduced  t o  some ad v a n tag e .
3. E x p e r im en ta l  Technique
When s p e c t r a  of l i q u i d  s o l u t i o n s  a r e  to  be r u n ,  th e  e x p e r i ­
mental  t e c h n i q u e s  r e q u i r e d  t o  use  th e  a p p a r a t u s  a r e  v e r y  s im p le .
The two p a r t s  o f  th e  c e l l  a r e  assembled  and w a te r  i s  s t a r t e d  c i r ­
c u l a t i n g  a roung  th e  f l a n g e s .  A vacuum i s  th en  o b ta in e d  between the  
two compartments  by means o f  a h ig h  speed vacuum pump. I t  i s  a d ­
v i s a b l e  to  have a co ld  t r a p  in  th e  vacuum l i n e  t o  p r e v e n t  any vapor  
from t h e  pump from d i f f u s i n g  i n t o  the  c e l l  and condens ing  on th e  
i n n e r  windows. A f t e r  th e  d e s i r e d  p r e s s u r e  i s  o b t a in e d  f o r  i n s u l a t i o n  
th e  vacuum i s  s ec u re d  by means o f  a s to p co c k  and th e  pump disconnected.  
In  t h i s  a r rangem en t  the  c e l l  i s  c o m p le te ly  p o r t a b l e .  The sample and 
r e f e r e n c e  s o l u t i o n s  a r e  th e n  in t ro d u c e d  i n t o  t h e i r  r e s p e c t i v e  chambexs 
and th e  c o o l a n t  i s  in t ro d u c e d  i n t o  t h e  i n n e r  ccmpartment.  A f t e r
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F i g u r e  21. The i n n e r  window assem bly  o f  t h e  c e l l .  The q u a r t z
window (D) i s  c o n ta in e d  between t h e  Indium w asher  (£)  
and a B e l l e v i l l e  washer  ( B ) . The aluminum washer  (C) 
a i d s  i n  d i s t r i b u t i n g  th e  f o r c e  a p p l i e d  by th e  B e l l e v i l l e  
washer  over  th e  s u r f a c e  o f  t h e  window. (F) i s  t h e  c e l l  
and (A) i s  a screw cap t o  ho ld  th e  window in  p l a c e .
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SOME POSSIBLE COOLING SYSTEMS FOR USE WITH THE LOW
TEMPERATURE CELL*
Coolan t Temp. °C.
L iqu id  N i t ro g e n -196
L iqu id  A ir -190
L iquid  Methane -161
S o l id  I so p en tan e  - L iqu id  I so p en tan e -160
Liquid  Carbon T e t r a f l u o r i d e  (Freon 14) -128
L iquid  E thy lene -103
S o l id  M e thy lcyc lohexane-L iqu id  Methylcyclohexane -100
L iqu id  Ethane - 88
L iquid  N i t r o u s  Oxide - 88
S o l id  Carbon Dioxide  - Acetone - 78
L iquid  P ropylene - 47
L iqu id  Propane - 42
L iqu id  Methyl C h lo r id e - 24
a) A method of  o b t a i n i n g  a con t inuous  range of  t e m p e ra tu re s  has 
been proposed by W.C. Neely ,  Chemstrand Research  C en te r ,  I n c . ,  
p r i v a t e  communication. The co o la n t  r e s e r v o i r  i s  made p r e s s u r e  
t i g h t  and connected to  a vacuum and p r e s s u r e  system in  such a 
manner t h a t  the  a b s o lu t e  p r e s s u r e  may be v a r i e d  from ~1 mm to  
~100.00  p s i .  By u s in g  on ly  two components as  c o o l a n t s ,  d ry  ice  
and l i q u i d  N_, and the  above l i m i t s  of  p r e s s u r e  v a r i a t i o n ,  a 
t em p e ra tu re  range of -216 C to  -48°C, w i th  a 39 deg.  m iss ing  
gap between -135 C and -174 C i s  p o s s i b l e .
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a l l o w i n g  a d eq u a te  time f o r  a t t a i n m e n t  o f  th e rm a l  e q u i l i b r i u m  th e  
a p p a r a t u s  i s  p la c e d  i n  th e  s p e c t r o g r a p h  and th e  s p e c t r a  a r e  r e ­
c o rd ed .  Th is  same p ro c e d u re  may be used f o r  t h e  fo rm a t io n  of 
r i g i d  g l a s s  s o l u t i o n s  down t o  a b o u t  -100°C,  and a l s o  f o r  s o l u t i o n s  
which  become r i g i d  10° o r  l e s s  above th e  d e s i r e d  e x p e r im e n ta l  
t e m p e r a t u r e ,  w h a tev e r  t h a t  t e m p e r a t u r e  be .  For  work a t  l i q u i d  
n i t r o g e n  a ( 5 : 1 )  m ix tu re  of  i s o p e n t a n e ,  m e th y lcy c lo h ex an e  and a 
( 3 : 1 )  m ix tu re  o f  p r o p y l e t h e r ,  I s o p e n ta n e  have been found to  form a 
g l a s s  w i t h i n  10°C o f  l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  and hence may be 
used  w i t h  t h e  above p r o c e d u re .
The t e c h n iq u e  i n v o l v i n g  th e  fo rm a t io n  of  most o t h e r  r i g i d  
s o l u t i o n s  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s  in  th e  c e l l  i s  c o n s id e r a b l y  
more d i f f i c u l t  t h a n  t h a t  g iv en  above ;  however,  r e p r o d u c i b l e  g l a s s e s  
may be o b ta in e d  by u t i l i z i n g  th e  f o l l o w in g  method.  Water  c i r c u l a t i o n  
i s  begun in  th e  f l a n g e  of  t h e  i n n e r  compartment and t h i s  chamber i s  
t h e n  p a r t i a l l y  immersed in  l i q u i d  n i t r o g e n .  While  t h i s  chamber i s  
c o o l i n g ,  th e  sample and r e f e r e n c e  compartment c o n t a in e d  t h e r e i n  a r e  
f l u s h e d  w i t h  d r y  n i t r o g e n  gas t o  p r e v e n t  any c o n d e n s a t io n  of  vapor  
i n  them. A f t e r  th e rm a l  e q u i l i b r i u m  has  been  o b ta in e d  t h e  sample 
and r e f e r e n c e  s o l u t i o n s  a r e  i n t r o d u c e d  i n t o  t h e i r  r e s p e c t i v e  
compar tments .  R ig id  g l a s s e s  a r e  a l lowed  to  form w h i le  th e  in n e r  
compartment i s  s t i l l  p a r t i a l l y  immersed in  l i q u i d  n i t r o g e n .  A f t e r  
t h e s e  g l a s s e s  a r e  o b t a i n e d ,  l i q u i d  n i t r o g e n  i s  t h e n  s lo w ly  added to  
t h e  i n s i d e  o f  t h e  i n n e r  compartment.  The a p p a r a t u s  may th en  be 
assembled  and th e  same p ro ce d u re  used as  p r e v i o u s l y  d e s c r i b e d .  For 
t e m p e r a tu r e  measurements  a therm ocoup le  probe  may be i n s e r t e d  i n t o  
t h e  sample s o l u t i o n  j u s t  above t h e  l i g h t  p a th .
To use  t h e  a p p a r a t u s  w i th  th e  Beckman DK, DK-1, o r  DK-2 
s p e c t ro p h o to m e te r  th e  cover  o f  t h e  sample compartment and t h e  sample 
c e l l  h o l d e r  of  th e  i n s t ru m e n t  i s  removed. The low te m p e r a tu re  c e l l  
i s  t h en  p la ce d  on the  f l o o r  o f  th e  sample compartment and l i n e d  up 
w i t h  t h e  o p t i c a l  a x i s  o f  th e  s p e c t r o p h o t o m e t e r .  An a u x i l i a r y  sample 
compartment cover  i s  used t o  e l i m i n a t e  s t r a y  l i g h t .
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4.  G la s s e s
S ince  t h e  adven t  o f  low t e m p e r a tu re  e m is s io n  and a b s o r p t i o n  
s p e c t r o s c o p y  a l a r g e  number o f  s o l v e n t s  which  form r i g i d  s o l u t i o n s  
o r  g l a s s e s  when cooled  have been r e p o r t e d .  A l i s t  of  a l a r g e  number 
o f  t h e s e  i s  g iv e n  in  T a b le  XXI. T h is  t a b l e  i s  In ten d ed  t o  be as  
com ple te  a s  p o s s i b l e  a r e f e r e n c e  to  t h e  l a r g e  v a r i e t y  o f  g l a s s e s  
which one may use  a t  v a r i o u s  t e m p e r a t u r e s .  I f  no t e m p e r a tu r e  i s  
l i s t e d  b e s id e  t h e  g l a s s  i t  may be presumed to  be good t o  l i q u i d  
n i t r o g e n  t e m p e r a t u r e s .  As ment ioned b e f o r e  a ( 5 :1 )  m ix tu re  of  
i s o p e n t a n e  and m e th y ley e lo h ex an e  has  been found t o  form a r i g i d  
s o l u t i o n  a t  -192°C,  o n ly  abou t  4°C above l i q u i d  n i t r o g e n  t e m p e r a tu r e .  
I n  a d d i t i o n ,  i t  I s  r e l a t i v e l y  s t r a i n  f r e e .  T h e r e f o r e ,  i t  should  
be o f  s p e c i a l  v a l u e  f o r  any s tu d y  which r e q u i r e s  a g l a s s  w i th  l i t t l e  
o r  no s t r a i n ,  such  as  s t u d i e s  o f  t h e  p o l a r i z a t i o n  o f  e m is s io n  and 
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